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PREFACE

This volume contains the texts of all the invited talks
given at the Hyperfragment Conference except one, which the author
did not wish to publish. I am grateful to the speakers who kindly

provided me with the manuscripts of their talks.

I would also like to thank the following people who contri-
buted to the success of the Conference and to the production of the
Proceedings: MNMr. E. Bissa, Mr. M.A. Roberts, Mr. P. de Vautibault
and Mr. R. Vannier for the technical arrangements at St. Cergue;

Mr. A. Bondi and the Scientific Information Service for the diagrams;
Dr. P. Zielinski for translating the talk of 0.V. Lozhkin and

N.A. Perfilov from the original Russian text; my colleagues in the
Emulsion Group for assistance with the proof reading; and

Miss S. Greenstreet and Mrs. K. Wakley for their careful work

typing the stencils.

W.0. Lock,
Geneva, October, 1963.
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PART I

THE INTERACTIONS OF FREE HYPERONS

F.R. S'tanna:rd Py

UhiVersity College, London.

The short lifetimes of the hyperons make it exceedingly diffi-
cult to accumulate data on scattering processes. It is well known
that almost all our knowledge of hyperon-nucleon forces comes instead
from studies of hyperfragments. In fact, I suspect the only reason I
have been asked to give this short talk is to give‘délegates a sense of

well-being at the start of the conference.

The following describes the experimental situation.

1. A interactions

Table 1
. No. of | Cress=section for D
Reaction ovents momentum range References
400 to 1500 MeV/c
(8) A4p->A4p| 69 27 +5 mb |1), 2), 3), &)
(B) A°+p>2°+p 3 845 * 4.9 mb 2)
(C) A°+p->32T4n 2 30 +20 mb 1)

The cross-section for reaction (A) applies to scattering
through angles greater than about 20° in the c.m.s. Within the
wide limits allowed by the poor statistics, no change in the cross-

section with energy has been dctected.

. The 72" hydrogen chamber group at Berkeley expect to publish
the remaining two-thirds of their data for reaction (A) in the next

few months, and have still to report on reaction (C).



The 80 cm hydrogen chamber of the Ecole Polytechnique was

recently exposed to 10° stopped K mesons, and work 1s. to start soon

on scanning for A=-particle interactions,

about 200 MeV/¢, and will more readily allow a comperison with theory.

Date from this film will

be especially valuable as the momente of the A particles will be small

The engular distribution for elastic scattering is almost

isotropio, the forward-backward ratio being 27t 3L.

L interactions

i) In flight

Table 2

Cross=-sections for

(¢) £ +p~>A%+nm

. Noe of momentum ranges: ]
Reaction events 300 to < 200 Refgrences
1500 MeV/c MeV/c
+ + + 18 mb
- . + 6 mb - :
(E) L. +p > +p 8 10 L mb 5), 8)
(F) 2 +p~>32"+n
5 - 170 = 80 mb 8)

The angular distributions give forward to backward ratios

of 5:7 and 8: 0 for reactions (D) and (), respectively.

Thirteen examples of I scatterings on complex nuclei have

. - . 9
been observed in nuciear emulsion /.

prongs emitted with the I particle in eight of these events, reactions

Bascd on a study of the other

(D) ond (E) ore found to have cross-scctions in the ratio of 6: 2,

83 /NP /Aaw




ii) At rest

%~ hyperons at rest interact through rcactions (F) and (G).
The following ratio has been observed for i pafticles stopped in

hydrogen1o)

= 0.33% 0,05 .

In deuterium the ratio is11)

20
2% 4+ A°

= 0.037*0.022.

The lack of reliable guidance from experiment has necessarily
made theoretical work rather speculative.

One mey begin from the standpoint of the Doublet Approximation’z)

which groups the A and I particles into two doublets:

st _ (A° +3°) /2
() (D)
- \ (0° -2 A2 e

Assuming that N, and N; are couplied with the same strength tc the pion
field, one may immediately relate the AN a d_ZN cross—-sections. In

particular,
olo(a) + o(B8)] = [o(D) + o (B)] ,

where o(A) refers to the elastic cross-section for A energies above the
threéhéld for z° production;' Experimentally, the values of the left-
and right-hand sides of the equation are found to be (57+18) mb and
(4L8+17) mb, respectively.

3)

quiring the coupling of N, and Ns; to be the same as that of the nucleon

The Global Symmetry hypothesis1 is more restrictive, re-

doublet Ny, One may now relate the AN and IN cross-sections to the

5683 /NP/kw



NN cross=-secctions. At first sight this would appeer to offecr defini-
tive precdictions for hyperon scattering as the NN scattering data can
ﬁe accurately reproduced by verious potential models. However, the
hyperons arc unaffected by the Pauli exclusion orinciple and so can
explore rcgions of the potential that play only minor roles in p=p

scattering, and arc comsequently not well understood.

de Swart and Dullemond14) find cross-sections of about 30 mb
for reaction (4), 50 mb for (D), and 33 mb for (E) at momenta of about
600 MeV/c. They require a forward/backward ratio for reaction (A) of
1531, which is not in very good agreement with experiment. They
successfully reproduce the strong forward peaking observed for (E),
but then also require a 2: 1 forward peaking for reaction (D) which is
not indicated by the present data., Ferrari and Fonda15), on the other
hand, show that if instead of using a Signell-Marshall potential, one
adopts the Gammel~Thaler potential, an essentially isotropic distribu-

tion is obtained for the latter reaction.

Global. symmetry predicts that the ratio 2°/(2° +A°) for %~
interactions at rest in hydrogen should have a value of 0.4014 . The
low value found for the ratio in deuterium can be explained in terms
of there being only a small energy release, about 0.9 MeV, in the pro-

cess producing the g e .

An alternative approach is that of Kovacs amd Lichtenberg17)
who calculate cross-sections for reaction (A) from potentials derived
from the binding energies of hyperfragments. The difficulty here is
that spin-orbit terms, while having little effect on the binding energies,
may be quite important in scattering processes. Cross=-sections of

32 mb and 21 mb are obtained with and without spin-orbit corrections,

683,/P/kw
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PART II.1

IDENTIFICATION METHODS FOR HYPERFRAGMENTS*)

R.G. Ammar,

Physics Department, Northwestern University,
Evanston, Il1l., USA.

'I. INTRODUCTION

Information relevant to the identification of hyperfragments
may be classified into three general categories accordingly as it is
derived from the configuration at production, from that at decay, or
from information regarding charge and mass supplied by direct measure-
ments on the tracks themselves, In order tc obtain a unigue identi-
fication for an event it is obviously necessary to impose a sufficient
number of constraints to rule out all but one hypothesis regarding its
interpretation., Thus, although the three categories will be discussed
separately it should be borne in mind that information of more than one

type is often used in the analysis of a single event.

For purposes of orientation as regards the energy released at
production and decay, some typical réactions are given in Tablé 1, to-
gether with their corresponding energies. These values will, of course,
be modulated by effects arising from the binding of the particles in-
volved in any particular reaction, an appreciable effect for fhe T de-
cayé. Nevertheless, the relative magnitudes of these energies give
some indication as to the type of problems which one might expect %o

encounter in the different processes.

In the ensuing discussion of the various methods of identi-
fication I shall confine my remarks primarily to hyperfragments pro-
duced in nuclear emulsion, as other talks have been scheduled which

will deal with work performed in bubble chambers.

*) Research supported by the National Seience Foundation.



Table 1

Some characteristic reaction en~rgies
in A production and decay

Reaction Energ%Mzs%ease”
K +2p > A+D 316.7
K +n>bem 1784
A +p $.n+jp S 175.9
A= pam 37.6

II. PRODUCTION CONFIGURATION

Kinematic considerations at production have already been used

by many authors1_7) as an auxiliary method in the identification of

hyperfragments produced by K and I~ capture in emulsion. In addition,
systematic investigations have been made relating to this production
process, establishing the fact that hypernuclei with charge Z 2 3 are

primarily from the light elements (C, N, 0) of the emulsions-iz).

The power of this method tends to increase with the méSs
number A of the hyperfragment produced (for A £ 16), since the per-
missible production reactions become simpler. It is therefore ideally

suited to augment the analysis of the T dec@ys‘of hypernuclei with

5 < A £ 16 where the information at decay is usually less cdmplete than

583 /NP /iow

for those with A £ 5 (see Section III). In addition, a particularly
good illustration of the usefulness of this approach may be found in
the problem of identifying non-mesic decays where the large energy

release anmd the emission of neutrons makes a decay analysis by itself
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rather unreliable, - At present a systematic investigation of such
decays of hypernuclei with Z 2 3 is under way in our laboratory using

13,14) s .
+ To facilitate the analysis,

production kinematics as a tool
only those hyperfragments produced in association with a charged =
from K captures are considered. Thus events produced with a 7° or
with no pion and which are somewhat more difficult to analyse, are
excluded from the sample. he production process under considera-
tion is, however, not necessarily confined to the second of the reac=-
tions in Table 1 since an appreciasble fraction (X %) of the charged
pions are 7t and cannot be produced in association with a A via K

capture on a single nucleon.

Figure 1 shows a photomicrograph of an event analysed in
this manner. The primary @ is brought to rest after ~ 2.8 cm and

the production reaction is most likely given by
K +C'2 »AB$44¥+H’+n+w—

although one cannot rigorously rule out the possibility that some
other isotope of AbBe is produced with more than one neutron., The de-
day, however, is ambiguous and although consistent with that of ABeg,

is also consistent with many other interpretations.

The dimensions of the stack (~ 10 cm x 15 cm x 10 cm) used
in this work was designed primarily to stop pions from the decay reac-
tion. Thus, because of the much larger energy release at prdducfion,
~ 60% of the pions could not be followed to rest in the stack. In
such cases, ionization measurements on the pion can still yield much

useful information in the analysis of the event.

IIT. DECAY CONFIGURATION

The analysis of the 7 -mesic decays of hypernuclei with A £ 5
is fairly straightforward and has been discussed, for example, in

Refs, 15 and 16. For such events, the decay prongs are comparatively
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well defined and the concept of coplanarity and colinearity of tracks
is meaningful, in contrast to the case for A > 5, so that the applica-
tion of momentum conservation is frequently sufficient to yield a
unique interpretation. Even so, for short recoils, misidentification
of events can take place as may be seen with reference to Fig, 2
showilng a recoil range versus momentum, talen from Ref, 16. Such
misidentification may introduce systematic errors in the measured
binding‘T) since, for example, AHe5 hes a higher binding ‘chanAHe4

and if misinterpreted as the latter, will tend to increase the mea-

sured binding for AHe“.

For the heavier hypernuclei, the problem of identification
is somewhat more difficult. A large number of the decays (e.g. ~ 50%
of the events presented in Ref. 5) consist of only a 7 and a stub,
usually too short to permit a precise measurement of its range and
direction., Thus the recoil can not usually be identified from momen-
tum balance. Information bearing on the recoil identity can be ob-
tained by observing whether it undergoes [ decay with a half-life short
compared with the sensitive time of the detector. Figure 3 shows an

event interpreted as ,B''" =7 + C'! in which a g is associated with

the recoil. In oxcégtional cases the identity of the recoil may be
inferred from its decay (c.g. a "hammer track" configuration). Such
an eveht, interpreted as ALi9 - ﬂ—-+H1-+Li8, is showvm in Fig. 4. For
this event the interpretation of the "hammer track® as B® can be ruled
out by detailed considerations5). Examples of both types of events

were alrecady presented in Ref. 5.

Information regarding the (7 -r) decay mode of hypernuclei
with 6 S A £ 16, already presented in Refs. L and 5, is summarized in
Fig. b, Not all the species shown in this figure are known to exist.
Their dccays are separated into two groups depending on whether or not
a f is expected to be scen from the recoil.  The (ﬁu-r) mode is,
however, not the only onc which can give rise to this type of configura-
tion. Teble 2 presents a list of velues for Qo (the cnergy relcase

assuming zero binding for the A), as well as the expected encrgy release



-1 =

Table 2

Characteristics of (77- ~n=-r) decays
for hypernuclei with mass number £ 16

< Recoil = >
Hypernuclide (n?gv ) (M~§V ) Identity Decay Ha%i‘;i:).fe
AH" 36.81 3o T He? Stable
JHeT L0.33 | 36.5 1ié Stable
pLi° 35493 294 Be”’ K capture Le6x 10°
L4° 52.80 | L4L.8 Be® He* + Ho* | < 2x107"*
( AL:L1 °) 50,89 41,9 Be? Stable
ABe9 18,82 | 12.3 B® Hammer 0.8
(jBe'') | 37.35 | 27.9 | B ~ Stable
(ABe12) 48,27 57.8 B'1 {  Stable
B 33,02 | 23.1 cto g* | 19.1
B 34082 | 2.k ctt gt 1.2%10°
(AB1 3) 50,17 38,2 cta S Stable
(,B'*) 50423 | 3647 c'?  Stable
403 19,3k 8.5 N'2 B 0,012
ACt 3457 | 214 '3 gt 606
(,¢**) 36495 22,5 w4 Stable
(') 46,57 | 311 Nt e '~ Stable
(,1®) 31.65 | 17.2 o1 4 B 76.5
() 3,04 | 18.5 0'® p* 12l

The species in percenthesis have not been uniquely identified. In
calculating Q, BA has been inferred from the trend of the BA versus
A curve,

5683 /NP /kw
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Q, for various (7 =n=-r) decay modes.

these decays will present the same appearance as the (7 -r) events.
In addition, so can more complex decay modes involving three charged

particles.

Some of these are shown in Table 3 which lists only those

For the more massive species,

for which both heavy particles in the final state have Z 2 3,

Table 3

Complex decays of hypernuclei with mass
number % 16 vhich mey simulate the (7~ =r) mode

Qo ~

Decay (MeV) (MeV)
pB'? > T+ Li% + Li° 25435 15,0
(AB13 >+ 1i° +117) 29.24 17.2
(jB'4 » 77+ Li7 +147) 31.61 18.1
2C'% > 7+ 1i¢ + Be' 15,00 L2
ACM > 7 +Li7 + Be” 17.31 o1
(,C'° » 7 +14° + Be?) 22,45 8.0
(,6'° » 7 +1i® +Be'?) 28,04 12.5
(ACM > 7 +I1i7 +Be?) 28.48 13.0
AN“' > 7 +Be? +Be? 18.67 740
(W' » 7 +1i°+B'7) 18.82 3.3
(ANM -+ 7 +Be’ +Be®) 17,84 2.3
(L0'¢ » 7 +Ti% + ") 17.80 2.3 7 expected

The species
calculating

A curve.

3683 ,/NP fiow

in parenthesis have not been uniquely identified.
Q, Bp has been inferred from the trend of the By versus
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Fortunately the energy carried by the 7 in the majority of the decays
shown in these tables, tends to be on the low side and does not cause
too much confusion with the (7 -r) decays of hypernuclei with A £ 16,

tending instead to simulate the decay of heavier ones,

If the hyperfragments are nroduced under conditions where the
hypothesis of »roduction in C, N, 0 is valid, then quite often only
the conservation of charge and baryons need be invoked in order to rule
out various competing interpretations from the decay, although at other
times a more detailed analyscis is necessary., Without such information

at production, the problem of identification is very difficult indeed.

It should also be remarked that the »nresence of excited
states in the recoil may contribute to the misidentification of events

and thereby introduce systematic errors into the measured value of BA'

As mentioned earlier, the non-mesic decay modes are not usually
easy to identify. In some cases however, additional information re-
garding the decay tracks can be of considerable help in the analysis,
Such an example is shown in Fig. 6 which is interpreted as the decay

A369 ~» 1i® + H!

in which the "hammer track" identifies the recoil as Li®, B® being
ruled out by considering the maximum Z possible at production. The
proton appears to scatter inelastically and it is not possible to ob=-

tain a good binding energy from the event.

IV, DIRECT MASS AND CHARGE DETERMINATION

As an aid to analysis, one can also perform profile measure-
ments to determine the charge of tracks of interest (usually that of
the hyperfragment). In addition it is sometimes possible to obtain
the mass by making gap-length measurements, This is of particular

. . 3,4 .
importance for the non-mesic decay mode of A . These events consist
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of the hyperfragment decaying into only one charged particle and may
be confused with &~ capture or n* decay via the proton mode. However,
for suftficiently long connecting tracks, it is possible to distinguish
a factor of ~ 3.in mass and thereby separate the non-mesic AEE’4 from
the background, Such an analysis is under way in our 1&boratony13).
In doing this we require flat tracks with » 1 mm range and use the

parameter n described by Ammer et al{18 .

Figure 7 shows a photomlcrograph of an event which has been
analysed in this manner. Mass measurement on the connecting track
-favours the interpretation that it is due to a particle of greater
than baryonic mass. As seen from Table L, the observed range of
4.2 mm for the secondary excludes the possibility that it comes from
_either of the two-body modes AH4 > H4+n or‘AH3 - H? +n which require

a unique range of 3,5 mm and 7 mm, respectively., Mass determination

Table L
Non-mesic decay modes of AH3 and AH4
A K
H®+n &
Rd = 7 mmn Rt 55 m
e H + 2n
— ) ’““f*m;;nli?;:,gxng

on the secondary also favours its interpretation as a particle of
greater than baryonic mass. The event can therefore most likely be

interpreted as

AH4 > H?+2n o

5683/NP /iaw
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It should be emphasized, however, that events analysed in this manner
are subject to far more uncertainty than those identified entirely by
kinematic considerations, and as a result their significance rests more

on a statistical basis than on an individual one.

Although the yield is low, it is hoped that by the accumula-
tion of such events, normalized to the appropriate number of ﬂ_ decays
of AHS’A, one can determine a precise value of the non-mesic to 7 -mesic

ratio for these hyperfragments directly.

*
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PART IL.2
:c)
HYPERNUCLEIL

R. Levi-Setti,

Enrico Fermi Institute, University of Chicago.

I. BASIC DEFINITIONS AND NOMENCLATURE

A ernucleus: a hyperon bound to a nuclear core
: A
(A+H) > I
(A+B) - AH4 , etc.

The nuclear core need not be a stable nucleus; examples
of hypernuclei in which the core in its ground state is a nuclear
resonant state are e.g. (A+Be®) - ABe*’, where ordinary Be® would
disintegrate Bes* > 2He* + 0.1 MeV. Occasionally the A-nucleon attraction
provides sufficient binding to form hypernuclei out of a completely

unbound core, e.g. (A+Be®) » ABe7 where ordinarily Be®™ - 2p+He* + 1.4 MeV.

The A-binding energy B n is defined as usual from

A(8,2) = (A=1,2) +A-B, (1)

and can be measured, since A‘(A,Z) - Zi,j(Ai’Zj) +Q

B

= Q =Q, where Qo = (A-1,Z)+A-Zij(Ai,ZJ.), (2)

Hypernuclear disintegrations in which A - Tot P are called mesonic

7™ +n
decays; those where A+ n,p - n+n,p are called non-mesonic decays.

Common abbreviations for decay modes are
(w=-1r) eege AH3 > 7 +He?, ALi’ > 7 +Be’, etc.,
(m=p-r) e.g. AHe5 > 7 +p+He?*, etec.,

(r=n-r) e.g. AH4 > 7 +n+He?, AL:'|.9 > 7 +n+Be®, etec.

*) This talk was also given at the 1963 Easter School for Emulsion Physicis‘t‘so‘ v
5666/NP/smng
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Note that Qo for (7,p,r) decays is always Q, = 37.58 leV. B, can be
measured best from mesonic or mesic decays in view of the low energy
release, usually in the range 25-55 ileV. TFor non-mesic decays.

QX 176 MeV-BA

II. OBSERVATION AND IDENTIFICATION OF HYPERNUCLEL

Although hyperfragments can originate any time a A is created

within a nucleus, and therefore from reactions such as
7 +p > A+K°, p+p > A+K' +p, ete, (3)

the most copious source of h.f., are K induced reactions in nuclear

matter, where the elementary reactions are

K'-‘+'n’.P._>A+7T-’O° ceft T el (L")

- The reason is dbv1ous,ﬁbwh11e reactlons of type (3) have & hlgh threshold
"' and small cross- section, reactions of type (4) are exothermic and Sccur
very frequently. The big step of creating strangeness is separated, in
(&), from that of producing h.f.'s. Typicel production rates of h.f.'s
from K absorbed at rest in light nuéléi are ~ 2=5%. In the processes of

production, survival and decay of a hyperfragment we find the means of

observation and identifibétion of particular hypernuclear species. It would
be desirable, of course, to be able to compare the observables on the three

. steps simultaneously. This is, however, seldom possible.

1. Identification at production
Tdentification at production is particularly reliable in two=-body

reactions

S  He*+ 7w
K +He* » . (5)
H445ﬂ°

66/NP/sng
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These reactions are obviously exclusive domain of the He bubble chamber.

Similar reactions have been observed in nuclear emulsion, such as:

K-+C"-+AF2+W°

(6)

2+C'? 5> B'?4n.

A
‘:ig,’l \k //;7/
Py - T~
re
1
¥/ Heb
) ”__.// 1\. )
- e
~
A o
- ' 12
. % \\AB
K™ — O
T
~

In this case, however, the uncertainty as to the target
nucleus detracts from the evidence. The requirements of energy and

momentum balance can only be checked approximately in Eg. (6), where

the only observable of the production process is a very short (~ 4 um)
h.f. track. Hopefully, reactions such as in lithium-loaded emulsion

should yield an independent clear-cut identification at production

_ il 4w
K +Li7 - g (7)
o AHe7+-w

Occasionally it is possible to obtain a satisfactory energy, momentum,
charge and mass balance of more complicated production reactions in
nuclear emulsion. Very seldom, however, is such information independent
from that supplied by the decay process. This method is in all cases

a very powerful t?ol; very likely the only method to give a reliable
identification of relatively heavy hypernuclei., As we shall see, some

decay modes (m=-r) of heavy hypernuclei become completely non-characteristic

and a combined analysis of production and decay reaction is called for, e.g.

K +0'¢ > AC144-2H1+-W-; AC14 -7 +N'"%, (8)

666/NP/smg
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Related remark The use of small emulsion stacks for h.f. work
prevents, in general, the observation of the
production pion in its entire range, and its sign
determination. On the other hand, at this stage

in h.f, work, this information is quite fundamental.

2. Identification during survival

Hyperfragments can be identified during their survival namely
from measurements on the h.f'. track itself. If the h.f. comes to rest
and it has sufficient range, any of the conventional means of determining
mass and charge in emulsion apply. Thus, direct mass measurements can
occasionally identify Aﬁ’ and AH4 when several millimeters of track are
available. Z determinations usually require more than ~ 50 uym of h.f.
track to be reliable. Thickness measurements in various ways, as well
as gap-length measurements have been used. A direct determination of Z
often determines the identity of a h.f., when its decay offers certain
alternatives, e.g. for AH4’ AHe“, when in the m-p-1r mode of decay the
recoil has a very short range, insufficient for direct distinction from
range-momentum curves. Identification from h.f. decayiis still the most

widely attained.

3. Identification at decay

A blind approach to this problem is that of feeding input data,

~such as ranges and angles into a computer programmed to try all permutations

of prong identities until a good fit is obtained. Then; amongst the output
reactions, one chooses the one which yields the lowest momentum unbalance
AP. Although this procedure is necessary for the analysis of complicated
decays, it may often hide some relevant information. Thus, a few remarks

are in order.

(m-r) events

The pion momentum uniquely determines the recoil momentum and

comparison with P~R curves immediately identifies the event. This is

-true, of course, for recoils which are long enough to afford discrimination.

566/NP/smg
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In order to improve the fit, collineari*y may be imposed, when justified.
The direction of the recoil is, in fact, seldom well-defined, in
particular its dip angle. One can obtain a better recoil range estimate
by measuring its projected range, and inferring its dip angle from the

knowledge of the 7 cirection.

Note This is a procedure which should be used with caution. There is
a point in measuring accurately AP and deviations from collinearity
even for species as common and typical as AHﬁ - 7 +He*. 1In fact,

6

if species such as AHF, AH should exist, their decays

6

H - 7 +n+He*, Rl 7 + 2n+ He* (9)

A

could very well simulate AH4 - w-+-He4, with some departure from
collinearity. Furthermore, a decay
A He® +m - (10)

would look like an anomalous 7 -z decay of AH“, with a recoil

somewhat shorter (~ 5.4 um) than usual (8.1 um).

Some of the possible pitfalls in identifying wm-r events are
worth mentioning. Even AH3 > 7 +He® is not exempt from simulators.
In fact,

RS 7 +n+ 2He? (11)

can occur in a configuaration similar to AB? (r-r). In such a case,
however, the h.f. track should tell the difference unless too short

(as usually the case for ALig)° The real difficulties arise from 7-r
decays of heavier spegies, when the discriminating power of the recoil
range is lost (as well as the possibility of ascertaining collinearity!).
The trouble begins very soon. We are very likely unable to tell the
difference between

Aﬁeé -7 +Li% (if it exists),

and JRENE 7 +Be”. (12)

666/NP/amg
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Both decays yield (or are expected to) 7 ranges of ~ 2.2 cm and recoil i

ranges in the neighbourhood of 2 uym. If AHeB should exist, its decay

pHe® - 7 +n+ Li7 - o (13)

would have an overwhelming chance of being confused with

Aﬁe7 > +Li7 . (14)

From ABe'° on, all recoils have

a range of 1 um or less. On the
other hand, the m ranges from

many different species overlap.

P
LI
©

i 2

The properties of the recoils
may then help, like their
B deocay

AB”_—~> wfﬂ-C11, recoil ﬁ+, range ~ 2,07 cm
ABG1° - W_ﬂjB1°, recoil stable, 7 range ~ <.0 om. , 1?15)
The failure to observe the decay

B will automatically involve

misidentification: Even when

the recoil is unstable like Li®, Sele Tid. 2
a pitfall is open., Take ‘
- * * '
Be® » 1 +B%, B® > B 4+v+Be® , Be® - 2He*. (16)
3 2

A

If the ﬁ+ were overlooked, the event may be interpreted in a very

bomplicated way, perhaps even as

AL19 > 7 +n+ 2He*. (17)

The same would hold for a hypothetical decay

Aﬁea > 7 +1i% . (18)

66/NP/smg



A1l this is further complicated by the possibility that heavy recoils

be emitted in excited states, or that the hypernucleus decays from aﬁ
isomeric state. For these reasons, identifications based on 7 =1 events
of heavy h.f. should always be taken with great caution and in general
are not as clear-cut as those based on other all-charged decay modes.

The importance of a combined analysis production-decay vertices for these

events cannot be stressed any further.
(m=-p=-r) events

" After checking for consistency with coplanarity, it is, in
general, useful to impose coplanarity by inferring the recoil direction
from that of the rcsultant
momentum B =B +B . Next it

mp LN
is useful to plot IPﬂpl versus
the corrected recoil range Rrec°
Range momentum curves can be
constructed experimentally in this _
way for various isotopes. Errors ES ~
and anomalies can easily be
spotted. Below certain recoil
ranges it becomes impossible to
discriminate among neighbouring
isotopes. Thus, below ~ 3 um,
it becomes meaningless to accept
a discrimination between He® and He®. Problem cases of this type are
frequently encountered for all species, AH?, AH“, AHe“, AHes, AL:i.7, ete.
For the lighter species, however, a good fraction of the events yield

recoils in the sensitive region. For the heavier speciles, problem cases

become the rule because the recoil ranges, usuvally very short, become
iﬁcreasingly insensitive to the momentum ?ﬂp. Obviously in this region,
one cannot even assess that the decay is indeed of the w-p=-r type,

nor that neutrons are emitted. Analysis in conjunction with the production
kinematics becomes once more crucial. In discussing mw=p=-r events of

even the lighter hypernuclei, one should bear in mind that the recoil

co-ordinates in the P-R plot have considerable spread. In certain regions

5666/NP/smg
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of the plot, in particular when an abundant species (AHeS) is next to

a less abundant one (AHeé)”somc overlap of the distributions will always
oceur, so‘that some contamination of one spccies with another may be
present. With increased statistics one can attempt to purify a collection
of events of a given species by imposing a progressively increasing range
cut-off on the recoil in order to accept events only in a region of the

(P=-R) plots where no overlap can occur.,

Remark A procedure as outlined above is the only method to e¢liminate
from a sample of a given species possible contaminations.
Such contaminations introduce systematic biases in the
determination of, for example, binding ensrgies. The addition
of small or large samples of identified h.f. to the worid o
statistics becomes a worthless proposition if only 3A’s or
worse, EA'S are given. The rawv data éré'instgad‘needed in
order to attempt an elimination of tre intrihsio, systematié‘ h

errors duc to contamination.
Fig. o | C
Again, some features of the _

.3 -
recoil may help, when the recoil Li /! j:>. -7 by
itself is too short. For example, "

in the decay F)//,//

® s +p+1i%, Li® = £ + v+ Be®

ALi

watch out, however, for the very similar decay

Aﬁgenf+p+Bﬂ B® - Bt 4v+Be® , Be® o 2Het. (20)

Incidentally, the range energy curves ovtained from h.f. recoil in
nuclear cmulsion are quite certainly the best available in the approximate

range 2 =40 um.
(r=n=-r) and complex decays

These events are best analysed wsith cemputer programmes. However,
the following example illustrates some auxiliary method to improve vhe

over-all reliability in the identification of a certain class of events.

66/NP/smg
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The decay

JRES 7T +n+ 2He? (21)

may easily be confused with

IR 7 + 2He? (22)

when the neutron momentum is lﬁn! < L0 MeV/c., The AP distribution for
three-body charged decays, in fact, extends up to this approximate value,
due to measurement errors. If the

energy release Q is plotted
‘agaihst'the missing momentum
Pn (or AP), a separation between

Li® and ,Li° can be achieved on Con fi

A A -
an entire body of events, and

L

i8]
@)

some statistical method may be
used to cut off a possible
contamination of ALiB events

amongst ALig.

A general comment is required conccrning all decays involving

neutron emission, when considering BA’ Such events will yield systematically
underestimates of By» In fact, while the momentum unbalance AP, due to
exp. errors is neglco%ed in decays involving only charged particles, AP

will contribute to the estimate of the neutron momentum, as

AP)2
(Br)ory = o) o * ST (23)
true

Thus, the neutron energy will be overestimated, and so will Q, giving a
corresponding underestimate of BA° Of course, this effect will be felt
at small (Pn X AP) neutron momenta and is in general small. However,
gince average BA's for some species, or even individual decay modes, have
errors (statistical) smaller than 0.1 MeV, even an effect of this kind
should not be neglected. Whenever possible, it may be best to base

binding energy estimates on decay modes involving charged particles only.

5666/NP/sng
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L, Identification on the basis of By

This is the last remedy, resort to which is obviously very
dangerous. It is difficult, of course, to assess the extent to which
it is practiced. To some extent it is always used, if nothing else,
‘when one rejects an identification leading to a negative B,. It should

‘ A
be realized, however, that an identity, giving a B, in agreement with

a known value is by no means an identification. Pﬁtfalls.may be wide -
open when a species is "expected" to have a certain B,, and an event

is attributed to that species on this basis. This is particularly

the case with (m=-r) events, where the interpolated B, is the only

basis on which to predict the configuration. The only situation in which
this approach seems justified is encountered in the determination of
branching ratios between various decay modes of a certain species, €.8.
H*, when the

A
recoil is invisible. Careless use of this method will, on-the other

the separation between the (r-p-r) decays of_AH3 and

hand, produce non-Gaussian distributions of 3A’ will cut off interesting
tails, and will hide possible splittings in BA due to excited initial or

final states.

5. Experiments with known target nucleil

Some have been mentioned previdusly. It may_be‘that even
accurate B, estimates may be obtained from the measurement of the '

7 range following:

IC+@J)»A@J%H;+Q (24)

where Q = B, = By + 176 eV, and B is the binding of the last neutron in
(A,2). This approach carries the identification at production to its
logical extreme, that of producing particular h.f. species. It may be
valuable for A 2 8-10. It offers the advantage that techniques other than
nuclear emulsion may be used advantageously, such as bubble chambers,

spark chambers, etc.
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IIT. INFORMATION DERIVED FROM HYPERNUCLEAR PROPERTIES

What does one learn from the study of hypernuclei, study which
is based so far on a sample of perhaps 2000 mesic decays analysed in
nuclear emulsion and several hundreds in the He bubble chamber? Several

basic answers have been given to propertics of the strong and weak

interaction of the A hyperon with nucleons, as well as to intrinsic

guestions regarding strange particles properly.

A brief summary of the main results is the following.

1. Strong A-n interaction

a) The A-nucleon interaction is charge symmetric as substantiated

by the well-established existence of hypernuclear charge multiplets.

Such multiplets correspond to those for the nuclear cores since the A

has isospin T = Q.

b) The A-nucleon interaction is strong with coupling constant of

the order of unity. This follows from an analysis of the A~binding energies
for light hypernuclei. A measure of this strength is given (following
Dalitz) by the volume integral of a A-nucleon central potential of
appropriate shape for a particular spin state S. In ‘these terms one can

compare the A-n to the n-n interaction, e.g.

°Sy n=p volume integral U = 1400 MeV £?

2

'So A~p volume integral U X 380 iV £°.

Since the range of A-nucleon force is much shorter (at least two m exchange)
than that of the n-n force, the over-all A-n binding is weakcer than the
corresponding nucleon-nucleon binding, even though the interactions have
comparable strengths1). Mternatively, the interaction can be described
in terms of singlet and triplet scattering lengths. (See Dalitz, following

lecture. )
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c)

The A-nucleon interéctioh‘is strongly spin-dependent.

This

follows from an analysis of both the A-binding energies and the direct

determination of the spin of s.veral hypernuclei (\Fs \H, ALi%).

Indirect information stems also from the measurement of hypernuclear

lifetimes.

The 1So A-n interaction is more attractive than that in the

?Sy state, opposite to the nucleon-nucleon casea).

For the sake of illustration, recall that the Fermi scattering

lengths are, for:

n-p A-p (See Dalitz, next lecture).
asz -&34x16dzcm asz -&4x1€430m
a, = 0.52x 10" ° cm a, ® -0.6x10""" om
Fig. 7 /
Unt | Ur)
| N-
) RN no bound state
S S - , - T 2T -
r .
_ —la
bound state can B
k— — -|-ap—=y exist ,
...U R U( )/’ / ,i/ —UO
0 = T ‘ no bound state- 7
— - | ~
= T o e _—— —_— ey — - — - _
r |
¢ Ay s e ag = >
no bound state
@lmost bound) - Uo R —Up R
'd) The well-depth experienced by a A particle in nuclear matter

is X 30 MeV. This result stems from the determination oft BA for heavy

hypernuclei as well as from theoretical calculations.

e)

The K is a pseudoscalar particle.

This follows the study of

the reaction K + He* - A +7° in the He bubble chamber, knowing that

J(,HY) = 0.
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2. Weak A=n interaction

a) Several checks of the validity of the |AT| = V. rule in

A-pionic decay modes have been given from the study of branching ratios in
the decay modes of some light hypernuclei. Perhaps the most significant
result is the determination of the ratio po/so between the p- and s-wave
amplitudes in A-decay via the 7° mode obtained by the He bubble chamber
group. The prediction of the IATI =Y rule, that po/so = p/s seems

well satisfied.

b) Information on the strength of the weak interaction leading

to A+n > n+n. This is obtained from the branching ratios non-mesic/hesic
for the decay modes of individual hypernuclear species. Very little is
known on this subject. One would like to know whether, for instance, this

interaction is spin-dependent or not.

3. Nuclear physics

A variety of final state interaction effects can be found in
hypernuclear decays. Typical examples AHEE - ﬂfi-Lis*; Li®* > p+ He*
(Paéresonance dominant) it - 7 +Be®*; Be®¥ 5 o +2He* (07, 2°
intermediate states present). These properties, as we shall see, may
be vefy'uééful fur specific purposes, like spin determination. Occasionally,
neW‘informatioh on low energy nuclear physics problems may be gained as a

by=-product.

We will now try to justify some of the above results by

presenting the evidence in some detail.

IV. A BINDING ENERGIES

The enclosed tabulation contains up-to-date averages of BA for
established species. When relevant, EA are given separately for the
most abundant decay modes of the same species. Several features are

exhibited by a plot of B

A versus mass nunber A.
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See fig.8

(

~ These aré:

\66/NP/smg

i) +the presence of charge multipletsvreflecting the isospin structure

of the core nuclei;

ii) an over-all monotonic increase of BA as a function of Aj

iii)’ a discrete structure within the multiplets which is to be

attributed to spin-dependent effects.

AH? is the lighfést hy?ernucleus known. it‘is attributed
T = 0 since there is no evidence for the other members of a T = 1 state,
An’ and Aﬁ@’. Its B, is very small, (0.31 = 0115) MeV and the By
distribution for this species is rather broad, somewhat more than

expected from range-straggling alone.

See f1¢.9
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AH?, AHe4 are mirror hypernuclei (T = %) and have very similar
B)'s (214 * 0.08) eV and (2.47 * 0.09) lieV respectively as required

from charge symmetry. One may comment that these values, due to the

small errors, are almost in disagreement. The EA determination of

AﬁA requires some more detail~d investigation. As can be seen from
Table 1, m-1r events yield for EA the value (2.40 * 0,12) MeV, very
close to AHeA. n events give a very low EA’ (1.75 = 0.13) MeV and
perhaps should not be included in the average for the reasons discussed
above. TFinally, (m-p=1r) events for which EA = (2,00 £ 0.14) MeV
could contain a contamination of AH3 vhich would lower B,. On the

A
other hand, AHe4 could well contain a contamination of ,He®, which

A
would increase EA’ in the sense of emphasizing a difference between
AH? and AHEA which may not be real at all. The one way to improve the
situation here is not a mere increase in statistics, but a more severe
selection of the events as pointed out in the section on identification

problems.

The B, distribution for the m~r decays of AH4 is somewhat
skew at the higher end. This could be due on one side to the inclusion
of events in which the long pion (4 cm) may have lost energy in undetected
interactions. On the other hand, a contamination of still hypothetical
decays:

H® - 7 +2n+ He? (25)

5 - 4
P > 7 +n+He”, A

AJ.
cannot be ruled out and should perheps be kept in mind.
AHQS. It is the most abundant hypernucleus. It decays

essentially by the 7-p=r mode only. Its ﬁA, (3.10 * 0.05) MeV,

is the best known and the BA distribution is the closer to a Gaussian

than any of the others.

(Aﬂeé, ALié). No clear cut evidence for the existence of
these hypernuclei has been reported, nor the large number of Aﬁés

giving decays also compatible with

AHeé > 7 +p+n+He? (26)
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is a valid argument to support the existence of AHEG. The decay

pHe® - T+ +H, Qo = 26.4k MeV (27)

would provide good evidence.

7 .7 7 pa7 - 0 whi 7 7
AHE s ALl s ABe . Apl has T = 0 while AHe and ABe _are
members of a T = 1 state. The B, for pLi7 is well-established,

(5.52 * 0.12) MeV from decaysother than m-r. Only two examples of

jBe” are known, yiclding EA = (4.9 * 0.5) MeV while for ,He’

A an average
of 14 B, values would give B, = (3.96 * 0.24) MoV. R

See flgﬂ
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Two effects are present here. On one side, the EA of ALi7 is higher than

either of the ﬁA of AHe7 or ABe7, and this can be understood in terms

of the spin dependence of the A-nucleon interaction. On the other side,

the §A's for AHe7 and ABe7 which should be identical, are indeed in

: 3
disagreement. A suggestion made by Danysz and Pniewski ), is the
following. AHB7 may decay from an isomeric state (He® has a level at
1.6 MeV in the continuum) and the observed B, distribution may contain,

A
in fact, two groups of B,'s. That this should be the case is substantiated

A .
by the very existence of ABe7. In fact, the condition for the stability
of ABe7 against break up '
ABe7 - 2p4—AHes, (28)

A
events, we know that BA(ABe7) must exceed 4.5 MeV, From charge symmetry

is that its B, be greater than 4.5 MeV., Thus even with only two ABe7

one would then expect that the ground state AHe7 should have BA also

> L.5 MeV. Thus, considerable interest is attached to an increase in
the statistics of AHe7 events. At present it is difficult to detect a
splitting in the BA distribution. The reasons %o expect such splitting
are, however, plausible, as will be further illustrated by Dalitz (these
lectures).

ALis, ABea. Another well=-established pair of mirror hypernuclei.

Their EA’S are in very close agreement.
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| JREAS A13e9, (B%). The binding energy of AL19 (T =1) is
about 1.5 MeV greater than that of ABe9 (T = 0), This is of course a

point of great interest because if this difference is to be attributed

to spin dependence only, it may be incompatible with the results from

the masé 7 hypernuclei. Unfortunately the BA distribution for AL:'L9 is

not one of the most satisfactory. B° has never been reported. Its

decay (m=-p=-r) could be confused, gs remarked before, with that'of

ALi?. This misidentifiéation would not, however, affect thg oBserved' |
large difference in BA between the T = 0 and T = 1 states. For heavier
species, the plot shows how little is known. The spread o of the BA
distributions is shown as a function of @ in the following plot. The
over-all monotonic increase of B, versus A can be understood in a rather
simple way. The A particle, not obeying the Pauli principle in a single
A hypernucleus, occupies the lowest s state. Thus, no saturation effects
are expected until the A will reach the bottom of the potential weli, for

a very heavy hypernucleus.

As the radius R of the region of interaction increases, with increasing
A, the A will progressively "sink" to a lower energy state in the well.
This can be seen as follows. Consider for simplicity the A in a square

potential well of depth U(r) =-D,, radius R.

Dy
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A — o —

The standard solution of the Schrddinger equation for this problem,

after matching the wave functions at the boundary R is:

2l [21\/1 A Pl
K cot KR =~-¥, orJ = (DA-BA) cot oS (DA-BA) R= - ;1-2- B, (29)

By

21l .
cot J = (DA-BA) R = 5.3, ° (30)

One can now find approximate solutions for convenient asymptotic

cases. Take for example BA bt % then

IZM ( w2h2
= ((Q,-B,)R~m; B, xD, = . (31)
\]hz A A oA A 2H,rd INE

Equation (31) expresses explicitely how BA depends on A for
heavy hypernuclei. This equation suggests a method for the determination
of DA' In fact, a plot of BA versus A—%g for heavy hypernuclei should be,
in the zeroth approximation, a linear plot. Extrapolation to A - o will

give a value for DA’ This has indeed been accomplished at least partially
from the knowledge of an upper limit of BA for hypernuclei in the mass
range 60 < A < 100, The rosult’) is that D \ § 30 UieV. The upper limit
of BA for 60 < A < 100 hypernuclei was obtained from the upper limit

in the energy release of mesic and non-mesic disintegrations of

"spallation hyperfragments".

5666/NP/sng



5666/NP/smg

- 36 =

An attempt is being made at present to obtain a lower limit of BA

for bromine hypernuclei following the measurement of the energy releése

¢

in the reaction at rest

K +Br’° » ABr794-W

(32)

if such a reaction is found to occur to the ground state or some low
lying state of ABr79. This study is made in a large CFs;Br bubble chamber
where K mesons have been brought to rest. Even when BA for heavy
hypernuclei is known more accurately, the crude linear extrapolation to
DA will have to be improved, making use of ‘a better approximation of

Eq. (31). This will take into account a more realistic shape for the
potential and indications are (Dalitz) that the correct functional
dependence of BA versus A'-/3 is not linear but possesses some curvature

(the slope increases slightly with A).
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V. THE SPINS OF A HYPERENUCLEI

Spin assignments have been obtained so far for Aﬁ3, AH“, and
ALie. The spin of species with spinless core, such as Aﬁbs can be
inferred as being equal to the A spin, J = Yoo We can distinguish

several approaches to this problem.

i) Determiration by direct methods. It implies the production or
selection of an aligned sample of hypernuclei., It is based on
the study of angular correlations of the decay products with respect

to some axis of quantization.

4i) Determination from branching raiios of different decay modes.
Conservation of angular momentum may favour certain final states

over others.

iii) More indirect approaches, e.g. based on hypernuclear lifetimes.

These are, however, not independent of (ii).

Take, for example, A'4‘ A direct spin determination has been
obtained by the He bubble chamber group from a study of the sequence of

reactions

H*+7°; H* > 7 +He*. (33)

K +He* - A

A
A1l particles in these reactions are spinless except possibly AﬁA which

can have at the most J = 0 or 1. If AH“ has J = 0, the decay

AH4 > 7 +He® is then necessarily isotropic. Note that in such a case, since
the orbital angular momentum £ in the initial state must equal the orbital
angular momentum L in the final state, the observation of Eq. (33) implies
that the intrinsic parity w = w = - 1 or (QA = +1 by convention) that the

K is pseudoscalar. Consider now the case of J =1, and K capture from

an s-orbital (there are good arguments in favour of this assumption)5 .
Then L = 1 in the final state which implies that W = +1, a scalar K meson.
As to the angular distribution in the decay of Aﬂ4’ take the direction of
AH4 as the axis Z of quantization. Only the projection JZ = m(AHA) =0 1is

allowed in the final state.
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This, in turn, implies that in Fia. 18 T

the rest system of m, He*, -

£ =1 = 0. Thenth 1 HA VA
;= 1m =0 enthe angular AT B .

distribution is characterized by

the spherical harmonic Y (@)

only and P(®) « cos?©. The exp. He*

distribution found by Block et al.é)

is isotropic, strongly suggesting that J(AHA) = 0 and that the K is
pseudoscalar. Prior to this direct determination, J = 0 for Aﬁ‘ had

already been assigned as a result of an emulsion experiment.

Fig. 17

S 10 S50 5 1.0
cos 91
The spin assignment in question follows:

a) +the original argument given by Dalitz7) and alio Dalitz and Liua)
' ) 7~ + He

which relates the branching ratio R, = all modes

to the spin J

and to the p/s ratio in A decay;
b) an exp. determination of R, in nuclear emulsiong)-

3

¢) the accurate determination of the p/s ratio in A decay by
"~ Beall -t al.‘o) and by Cronin et al.11).

The argument in its essence is the following: the decay

A > 7 +p violates parity conservation and can proceed through both
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s- and p-wave pion emission (see Dalitz, following lecture). Since
the decay AH4 - 7 +He® involves spinless particles in the final state,
the spin J of AH4 equals the orbital angular momentum L in the final

state.

See fig.18

Thus, if J(AH4) = 0, the m=1r decay will be favoured if s=-wave pion
emission predominates in A decay, being forbidden for zero s-wave
amplitude. Conversely, J(AH4) =1, the m-r decay is forbidden for

zero p-wave amplitude and enhanced otherwise,

The experimental value gf R; found in emulsion is 0.67 * 0.06.
This combined with the value ~;3;%T?;§; = 0.11 £ 0.03, and on the basis
of the curves calculated by Dalitz and Liu, clearly determines J(AH4) = 0.
A more recent determination of R, has recently been reported by the He
bubble chamber group. Their value, 0.68 * 0,04, is in substantial agreement
with that mentioned above.

By an entirely -imilar reasoning J = > has been assigned to

3 12)
AH .

Both angular correlation among the decay products and branching
ratios among different final states have enabled a determination of the

spin of ALis. This is the first hypernucleus of the nuclear p-shell for
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which such information is available. The ground state of Li” has

J = 3@ while the first excited state of 0.475 MeV has J = Yoo The A
can couple to form ALie to either of these states so that a priori
the spin of ALi8 could be O-, 17 or 2°. The solution of the problem

hinges on evidence that the dominant decay

AL > 77+ 2He* (34)

indeed proceeds through intermediate Bes* states

Li® > 7 +Be®¥; Be®™ 5 2He* (35)

The information on the spin is derived from:

i) the existence of transitions to discrete Be®* states and a comparison
of the observed with the predicted partial rates for particular

13)
final states H

ii) the study of the angular correlation between the 7 direction and

the 2He® direction in their centre of mass.

Values of Ere and cos © have been calculated for about

1
14

L3 events ‘. A plot of Erel shows a remarkable grouping of events for
Erel values of ~ 0.1 MeV, ~ 3 MeV and ~ 17 MeV corresponding to all known
levels of Be®™.
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A very small continuum background seems %o contribute. The theoretical

predictions by Dalitz are based on the following assumptions (simplified

here).

a) The A-decay interaction is dominantly s interaction and therefore

has odd parity. Thus, any transition via 7 emission to a final
state of even parity [like the ot, 2* (T = 0), 2% (T = 1) levels
detected here] requires zﬂ = odd. Very likely only zﬂ = 1 contributes
significantly.

b) The continuum in the Erel distributions is neglected.

¢) The calculations are based on appropriate intermediate-complying

nuclear wave functions.

The pfedictions and the expt. results can be summarized as

follows.
IrJ =2 i)
ii)
rJ=1 i)
ii)
iii)

Fig. 20
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Very small transition rate
to Be®® (2%, 3.0 MeV) or
P(@) % sin 20 for (27) events

2¥,(T=1) at 17 UeV _, 5
2*,(7=0) 3 eV

Ratio

+em .
2+(T- 0) 3.0¥eV | 5 9.6
0"(T=0) 0,09 MeV

2¥(Tr=1) 17 WeV
o*(T=0) 3 MeV
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Expt.

Very large
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Theory Expt.

If J =0  Transitions to 0+, 2" states Both observed
forbidden by angular momentum

conservation

In conclusion the over-all evidence favours J = 1 for ALie.
This shows that even in the p-shell hypernuclei, as well as in the

s-shell ones like \H’, ',

1) = |(3, - %)

where Ji = spin of the core in its ground state. Purely as an exercise,
a calculation of the angular correlation in ALiS decay, assuming E” =1
is appended. This is valid for transitions to the 2+, 3.0 MeV state of
Bea*.

As mentioned previously, the study of hypernuclear lifetimes
provides us with another check on the spin assignments. Lifetime
estimates of some significance are available for AH? and Aﬂ“. For AHb
hypernuclei some data have been collected; for heavier hypernuclei no
information is available at all. Dalitz and Rajasekharan15) have
shown that if Aﬁ3 has spin J = %, the total decay rate is enhanced
considerably. A similar situation occurs if J(AHA) = 0. This can be
understood qualitatively as due to the fact that if J(AB?) = Y, and
J(AH“) = 0, the s-channel decay is enhanced by both the Pauli principle,
since it leads predominantly to allowed spin configurations, and by the
energetic (7 +He®) and (7 + He*) final states respectively. A good
estimate of the Aﬁ3 lifetime is available from the He bubble chamber group
experiment16). An estimate of the lifetime of AHA has been reported by

17 . .
Crayton et al. from an emulsion experiment.

A comparison of the theoretical expectation with the experimental

data is given in the following table.

5666/NP/smg



"LI-B"

T(AH'B) | J = 1/2 J = 3/2

Theory (1.79% 0.10) x 10™ °sec  (2.40%0,03) x 10” "sec
(TA = 2.35x% 10—1°sec)

Exp. (1.05° gfg) x 10" '°sec (36 events of which
’ 29 in flight)
T(Aﬂﬁ) J=0 J =1
-10 -10
Theory 1.5x 10 sec > 2. 7x 10 “sec
Exp. (1.2': g’g) x 10 °sec (52 m=-r events of

which 9 in flight)

The predicted enhancement of the total decay rate for the
A-n anti-parallel spin orientation has been observed. As a matter
of fact the enhancements seem to be even greater than expected at

least for AH3 5 and this may have to be explained.

Examples of AH4 decays in emulsion by the 7 =r mode are

vshown: P
Fig. 21 ;:; ke
] 7

A g

SN yd - a
\ﬂ -
L ~
AR ~— b
T
7 Het
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In a recent study by Ammar et al.ie) out of 99 7 mesic

decay of AHB“ 3% five were found to occur in flight. This yields

r( 2% = (1.2} 1. °)x1o to

based on 51 He events of Whlch only four in flight, is again
He?»5) = (1 + 1 8)><1o 860,

sec. A result in substantial agreement 1)

Ty

w4 %
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APPENDIX

Angular correlation in the decay ALi8 > 7 + Be®

ALi" > 7 +Be®

J > 1 0 2

Fig.z22 Fig. 23
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Table 1

1)

Binding energies from uniquely identified mesonic decays
March, 1963
- *)

Tdentit D a BA cév o No., of
entity ecay moae (MeV) (MeV) (MeV) events
_ T=1 0.38 0,24 1,05 * 0.16 20
AH3 all other 0.27 0.19 0.80 * 0.15 18

T=1 2,40 0.12 0.99 * 0.10 62
o n 1.75 0.18 0.82 * 0.13 20
A all other 2.00 0.14 0.71 * 0.10 27

total 2.1 0.08 - 109
AHe" all 2.47 0.09 0.61 * 0.008 48
AHes all 3,10 0.05 0.57 + 0.04 147
AHe"’ all 3.96 - 0.9 * 0.2 14
" Ter 5,51 - 1.0 * 0.3 9
A all other 5.52 0.12 0.45 * 0,08 16
ALi" all 6.65 0.15 1,06 + 0.12 Ly
13° T=-1 6.9 0.8 inferred 1
A all other 8.01 0.29 < 9
ABe7 all 4.9 0.5 inferred 2
ABeB all 6.35 0.30 inferred L
2Be’ all 6.50 0.16 0.30 * 0.06 10
A all other 8.36 0.6 inferred 1
AB“’ Te1 10.0 - 1.0 * 0.3 6
A all other 9,9 0.6 inferred 1
AB12 all 10.50 0.18 0.6 * 0.15 8
A.c” T=1 10.6 0.4 inferred 2
AC14 T-1 13,2 0.7 inferred 1
AN’ 4 T=-1 1.7 0.5 inferred 1

3
) Possible systematic errors (* 0.2 ieV) have not been included.

Computed from the data contained in the enclosed references.
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PART IT.>%
NON-MESONIC DECAY MODES

J. Sacton,

Institut de Physique,
Université de Bruxelles, Belgium.

The decay of a A° hyperon bound to a nuclear fragment does
not always proceed by the emission of a pion; it is well known that
with increasing mass of the nuclear core the non-mesonic mode rapidly
begins to be the dominant decay process. The non-mesonic decay of
hypernuclei is considered to be the result of the stimulated decay
of the A° hyperon in the presence of nucleons. As suggested by
Cheston and Primakoff’ , the decay proceeds through an intermediate
step involving a virtual pion which is subsequently re-absorbed by a

neighbouring nucleon.

The reactions are as follows:

A4p > (p+7")+p > p+n (1)
> (n+7°)+p > n+p (2)
A+n » (n+7°)+n > n+n (3)

the energy release being of the order of 180 MeV (on-mn),

These stimulation processes have been analysed in some de=-
tail by different a,utho:c'sz-'5 and, in particular, their matrix ele-
ments have been estimated taking account of the contributions from
the 1nteract10ns involving either one or more exchange pions, or

a K meson, and including the p0351b¢11ty of the ex1stence of the A in
a virtual ¥ state when in the presence of nucleons. It is not within my
competence to discuss here these studies; I will restrict mysélf to
trying to give a summary of what has been done from the experimenfal

point of view., You will easily see that the situation is particularly



..5[4__

confused due to the experimental difficulties one meets in the study

of the non-mesonic decays.

Two problems have becn particularly investigated.

i) The vaeriation of Q, the non-mesonic to mesonic
decay ratio as a function of the HF charge

Rudermen and Karplusz) have shown that the ratio Q is very
sensitive to the angular momentum of the pion emitted in the free
‘A decay. The study of the variation of Q with the HF charge has
been used as a means to determine the spin of the A° hyperon. However,
extensive studies of the free A° hyperon have now provided definite in-
formation concerning the spin of the A° hyperon., More recently, it
was pointed out by Dalitz and Lius) that the determination of Q could
give us with good accuracy the velue of the ratio p/% of the p- and
s=-channel amplitudes of the dccay of the free A° hyperon. Recent ex-
periments carried out by Beall et al.é), and Cronin et al.’ , have
clearly estabiished that the s interaction is dominant. The results

8'2 . Deolitz and Rajasekharen

of Cronin et al. indicate that p/s = 0.56i )
have suggested that definite predictions of the lifctimes of light
hyperfragments would require a better_knowledge of the interaction

A+n-> n+n.

ii) The ratio of proton to ncutron stimulation

This could provide useful information concerning the A°-nucleon

)

A
interaction /.

The detailed study of both these problems involves the detec-
tion of all hyperfragment decay modes and the elaboration of an unbiased
charge distribution. It is, however, wcll knovn that the experimental
study of the non-mcsonic decays presents great difficulties; both in
the‘cidssification of the cvents as definitec hyperfragments and in the
subsequent interpretation of their identity from decay kinematics. The

cnergy release in such a decay is ~ 175 MeV, so that in the case of

83 /AP fkew
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light hyperfragments this will normally lead %o a more or less complete
break-up of the nuclear core followed by the emission of fragments and
of neutrons, The absence among the decay products of an easily identi-~
fied particle like the 7~ meson in the mesonic decays, makes the kine-
matic analysis extremely difficult and leads, in general, to confusion
with other phenomena such as slow pions, K or &~ captures, collision

of moderately energetic particles, etc. Moreover, typical decay modes,
such as those involving only one charged narticle, are practically un=-
detectable because they are overwhelmed by scatterings, These diffi-
culties have led to the use of selection criteria which were not always
perfectly adapted to the problem. In particulaf, any selection criteria
on the decay characteristics must undoubtedly lead to biased statistics.
This was clearly pointed out by Zakrzewski and St. Lorantg) in their re-
view analysis of work published in 1962. In some cases the use of
measurements of the track of the hyperfragments has beeh of great im=-
portance, However, these measurements are only useful on long-range
hyperfragments which are very rare especially in K meson absorptions

at rest; the richest source of hyperfragments actually used, and also the
only one for which the contamination due to other events is rather
easily eliminated by applying some selection criteria on the parent

star.

The kinematic analysis of non-mesonic decays proceeds generally

as follows., The computer runs each possible combination of the decay

products under each of the assumptions:

2) no neutral particles
b) a 7 meson
¢) a neutron

d) +two neutrons (not in all cases).

The machine is instructed to derive 3A' The BA values are compared

with those obtained for mesonic hyperfragments, taking into account the

large errors.



That this type of analysis is insufficient was clearly demon=-
strated by Silverstein'®’ who compared, for "uniquely" identified events,
the energy distributions of both the neutrons end the protons resulting
from the decays and found them completely different, the neutrons being
shifted systematically to. higher energy. Such a shift is due to a
systematic underestimete of the number of neﬁtrons involved in the de-

cays leading to an overestimate of the energy imparted to each of them.

Another proof of the weakness of this type of analysis is
obtained from the comparison of the range distribution of both the non-
mesonic and mesonic hyperfragments of a given charge identified in the
same experiment. In most cases it was found that the range distribu-
tion of the non-mesonic hyperfragments was more concentrated in the

region of shorter ranges (background of heavy hyperfragments).

Keeping all these restrictions in mind we will now try to

look at the experimental results.,

1. NM/M as a function of Z

1)

Most of the information comes from Silverstein’o), Sacton' s
Gorge et al.‘a), and more recently from Bhowmik13) and Block14). The
hyperfragments are produced in K absorptions at rest except in
Silverstein's experiment where the hyperfragments are produced in high-

energy m interactions.

The problem here is to get a true idea of the charge distri-
bution of the hyperfragments, both mesonic and non-mesonic. The charge
distribution of M hyperfragments produced in K absorption at rest has
been determined with large statistics by Abeledo et al.15 and is as
follows: Z =1, 26%; Z =2, 45%; Z = 3, 22%, and Z > 3, Th.

Concerning the non-mesonic decays, the statistics are not
only poorer but also less homogeneous: 131 events have been collected
in three different laboratories using different selection criteria
(Brussels, 55; Delhi, 54; Bern, 22). The charge distribution of
these hyperfragments is established as follows.,

B3P fkew
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i) Uniguely identified events

These are events for which only one interpretation leads to

an acceptable value for the A° hyperon binding energy.

Table 1
Z = 2 3 L 25
N I S
Brussels 6 L 6 10
Bern 5 7 7 12
Bombay 17 - 3 -
Total 28 M 16 22

Large discrepancies are observed between thesec results. (In the

Bombay experiment the emission of two neutrons was not considered.)

ii) Non-uniquely identified events

For the remaining events for which the charge is not uniquely
determined, a rather similar analysis was used by all the authors to
get a true idea of the charge distribution; for such events; all the
possible interpretations were assumed to be equally probable and
normalized in each case to unity. Combining all these events, one

obtains the following distribution:

Table 2
7 = 2 3 L >5
Brussels 8 7 8 22
Bern 5.5 8.6 Tole 13.5
Bombay 21 5.7 L7 0.6
Total 112 3.5 21.3 20.1 261

Note: I have excluded the DC events which are probably very heavy

L= ==

hyperfragments.

5683/NP/kw
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Using the results of Abcledo et al.15) for the M hyperfragments,
one obtains for the non-mesonic to mesonic decay ratio the values given

in Teble 3. These values must be taken with great care.

Table 3

e

Indeed, I would remind you that almost all the deccays into a single
charged particle have not been recorded so that the values quoted here

arc surcly underestimated.

In the case of hyperhelium, another approach has been made
by Schlein’é) in 45 GeV/b‘ﬂ- meson interactions, and led to the value
Q =145 % 0u4. The theoretical values to which these results are to

be compared are as follows:

Table L

g 1 2 > 2
0.3 (W° 0.85 (He*

£=0 0.55 3(,.) 0. 5 (He®) 40
0.8 (") | 1,0 (He®)
45 (1) 14 (He*)

=1 9.0 13.6 (8°) 16 17 (Ho®) 680

It is concluded that the ratio p/s is definitely smaller than
1 in agreement with the information obtained by Cronin and Overseth7)
for free A hyperons. It is, however, too early to get any information
of the type asked of the experimentalists by Dalitz and Rajasekharana).

583,//P /kow
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ii) n/p ratio in stimulated decay

The other point I should like to discuss is the question of
the stimulatedAdecay of the A° hyperon. My task in this case is con-
siderably reduced due to the fact that a careful and critical re-
examinatign of the published work was made rccently by Zakrzewski and
St Lorant9 . Several attempts have becen made to study this problem,
All of them are based on the cxamination of the energy spectrum of
fast protons emitted from non-mesonicelly decaying hyperfragments.
Most of the remarks and eriticisms which I have put Porward previously

must be kept in mind in the analysis of the experimental results.

)

The method of analysis first proposed by Baldo-Ceolin et al.17

is based on the following assumptions:
i) the one-nucleon stimulated decays are dominant;

ii) the nucleons emitted as a result of these processes and, in
particular, the proton resulting from reaction (1) have a momen-

tum above a certain cut-off which has to be determined;

iii) +the nucleons do not lose so much cnergy by collisions that all

memory of their origins disappears.

The bottle=-neck in this type of analysis is the estimate of
the cut=-off energy at which the two processes merge. This is made
from consideration of thc cnergy distribution of all charged perticles
cmitted in the non-mesonic deoay stars. A typical such distribution
appears to consist of two cnergy groupings: one contains the protons
of energy less than 30 MeV; the other constitutes the tail of the dis=-
tribution extending to ~ 140 MeV. The low=energy part is inter-
preted as being due to the break-up of the residual nucleus following
the emission of the two fast nuclcons from the stimulation process. The
fast'?rotons are attributed to the initial stimulation proccss by protons.
The total energy release in a stimulated decay (180 MeV) is shared
equally between the two nucleons resulting from the reaction (in the
A-n rest frome). Outside the nucieus, the ecnergy is slightly reduced

due to binding energy of A and nucleon. Assuming that the effect of
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the Fermi momentum of the stimulating nucleons is to introduce a sym-
metrical spread around a mean vealue, the cut-off can be obtained

experimentally from the énergy distribution of all charged particles.

'In this way, Baldo-Ceolin et al.' '’ and Silverstein'®) have obtained

30 and 40 MeV (240 MeV/c and 275 MeV/c), respectively. All the
events containing a proton of energy greater than this limit are at-

tributed to a proton-stimulated process.

It is very difficult, for the reasons given before, to study
the n/p ratio for a particular species of hyperfragment, so that in

the beginning no attempts were made to separate the hyperfragments ac—

~ cording to their charges. The results of different experiments lead

583 /NP /kw

to n/p renging from 1 to 2. Selection criteria and scanning losses

seem, however, to play an imporfant role in these results.

Moreover, Zakrzewski and St. Lorantg) have suggested that
in some . cases the sample of events could be artificially enriched in
very heavy hyperfragments for which it is to be expected that the
criteria used to study the stimuletion processes could be less reliable.
This is especially true for the hyperfragments produced in high-energy
interactions and‘for very short-range hyperfragments (< 24 ) produced

in X absorption at rest.

The stimulation processes have recently been studied by
Bhowmik et al.'s). The hyperfragments were produced by stopping K

and Z°, The results of this work are:

n
i

for He _} B o154

o 3.8

10/

2.5 .

1]

' D

>

for 223 ¢ o

The result is to be compared to that of Block et a1."*) for helium
hyperfragments:

~5 = % (AHe4 2p 1n) .
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It seems that for helium, p/n is clearly > 1, which following
Ferrari and Fonda implies that the stimulated decay takes place when

the hyperon is in‘the A state.

Tt is to be noted that the p/n ratio could be drastically
dependent on nucleon structure or on diffferent distributions of p and

n inside the nucleus.

As a conclusion, I should say that practically everything
remains yet to be studied. Even if many competing processes are likely
to contribute to the production of HF, it seems that veluable experi-
mental information could be obtained with rather clean statistics selec-
ted on the basis of the production rather than on the decay processes.
At the present time, it seems that K absorptions at rest are best
suited for such a study, even if most of the hyperfragments with 2 23
are of such short range that no measurements are possible on the tracks

themselves.,
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PART III.1

HYPERFRAGMENT STUDIES IN THE HELIUM BUBBLE CHAMBER*)

.M, Blook, R. Gessarolil) J. Kopelman, S. Rattitt amd M. Schneeberger,
Northwestern University, Evanston, I11,, USA,

L. Grimellini, T. Kikuchi®) L. Lendinara and L. Monari,
University of Bologna, Bologna, Italy.

W. Becker and E. Harth,
Syracuse University, Syracuse, N.Y., USA.

I. INTRODUCTION

The K +He* reactions which are capable of producing hyper=—

fragments are

K-+He4 ->AHe +T (a)
->AH4 +7° (b)
> B+ 4p ()
—>AH3 +7°+n (d)
->AH3 +n (e) .

We have not observed any cases of (e). For experimental

reasons, we have conf:.ned our attention exclusively to reactn.ons (a) (c)
Our studies were performed using the helium bubble chamber, 20x 10% 12, 5 em?,
operated in a magnetic field of 14 kgauss. The spatial resolutlon is

such that tracks of 0.5 mm range can be measured to an accuracy of ~ 0.1 mm.

Figure 1 shows the signature for the reactions K +He® » 7 + AHe",
AHe4 > 7° + He*. The hyperfragment range is 0.53 mm, the production pion
momentum is 256 MeV/c and, of course, the twotracks are co-linear. The

decay recoil has too low an energy to produce a visible bubble, so that we

*) Research supported by the Office of Naval Researoh.
’3‘2 Now at University of Bologna.

¥) NATO Science Fellow; now at University of Milan.
+) Now at Northwestern University.



see '"'mothing" at thebdecay. This is by far the most typlcal type of -

AHe4 event., . Figure 2 shows the signature for the reaction K +fk>-*w -+AﬁA
AH4 > 7 +He*.. The AH4 range is 2.2 mm, and the decay pion momentum is
137 MeV/c. The recoil a particle has too low an energy to be visible.

We have limited our acceptance to only those AH4 that undergo 7 decay
(either two-body or multi-body decays). This allows us to have & sample

of A
events only in the casc wherc the AH3 undergoes T decay. The signature

AH4 in which background corrections. are minor. We have acceptad

for (¢) is shown in Fig. 3.

The distinct advantages of the helium bubble chamber for study-
1ng 11ght hyperfragments are the follow1ng.

i) All hyperfragments are completely 1dent1f1ed by production kinematics.
The magnetic field allows us to make momentum and charge measurements.
Conservation laws of charge, baryons, etc., allow complete and certain

identification.

vii) Hyperfragments are produced COpiously in an exposure to stopping K
mesons. Approximately 3% of-all-K- stars produce hypernuclei.

iii) The hypernuclei are produced in a very symmetric nucleus, i.e. He*
has spin zero and isotopic spin zero. This allows us to employ
general symmetry arguments, such as conservation of angular momentum,

rrparlty, and 1sosp1n, for the analysis of the productlon reactions.
In partlcular, 1sosp1n conservation leads to & 2t 1 branching ratio
for reactlons (a) to (b), as well as for (c) to (a).

The motivation for these studies was twofold; first, the
determination of the relative K-A parity, and second, the systematic

.description of the properties of the light hypernuclei.

 II. K-A PARITY AND SPIN OF ,H?, ,H*, jHe*

4 4y .
He (or R ) is zero, then it

is easily shown that the conservation of parity requires that the reac-
tions (a) and (b) be forbidden if the K is scalar, and be allowed if

If we assume that the spin of

583 /AP /fikw
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the K is pseudoscalar (with respect to the A°, conventionally assumed
to be scalar), independent of what atomic state from which the K is
gbsorbed. If we adopt the argument of Day and Snow‘) that the K is
absorbed from an s-state Bohr orbital, then we can make an argument
pHe? (or \HY)
and the K parity. This is as follows. Consider reaction (b), where

which immediately tells us about both the spin of the

we look at only those decays where AH4 > 7 +He*. If our quantum

AH4 direction, and total J = 0, then J; = 0 = S;,
where S; is the z component of the spin of the AH4' Thus, the wave

axis is teken as the

function for the two-body decay ,H® » 7 +He* is PX(cos #) or PO(cos &),

depending on whether the H* has a spin of 1 or 0, respectively.

A
Table 1 summarizes the resultse.

Table 1
, Spin = ,
K parity of ,H* Angular distribution
case (a) | pseudoscalar 0 isotropic
(v) scalar 1 cos® ¢
(¢) pseudoscalar 1 forbidden
(a) scalar 0 forbidden

To date, 347 cases of reaction (a) and 154 cases of (b) have
been identified in an exposure of our bubble chamber to a stopping K~
beam from the Berkeley Bevatron. Of the 154 cases of (b), 96 cases are
the two-body mode ,H* = 7 +He®. The angular distribution of these de-
cay pions is shown in Fig. 4. The data obviously correspond to case
(a) of Table 1, indicating that the K is pseudoscalar and the spin of
AH4 is zero., Since AH4 and AHe4 are isotopic doublets, this also in-
dicates that the spin of AHe4 is zero. The evidence strongly favours
the antiparallel A-nucleon spin orientation as the more strongly bound

H3® would therefore be

states Thus, we would expect that the spin of A

S=%, and not S = 3.



33/NP/kw

- 66 -

Dalitz and Liuz) have outlined methods of determining the
spin of AH4 and AH3 from a study of 7 decay branching ratios, using

the ratios

H* » 7 +He® H® > 7 + He?
A A
Ry = =3 = and Rz = =73 =
‘ pHT > oallw AP > allw

respect:.vely. The argument for AH4 is as follows.

i) An impulse model of the hyperfragment decay is assumed, using the
parameters of the free A° decay.

ii) For the decay AH > T+ AHe", the rete of decay is proportional to
s?, if S=0, because both the pion and wad ~we gpin zero particles,
The amplitudes of the free A° decay are s and p, corresponding to
the £=0 and £=1 channels, respectively. Conversely, the rate of
two-body decay is proportional to pz‘ if S=1. Since the ratio
p? /p?+52 = 0.12 * 0,03, as measured by Beall et 'al.3>, we expect
R, to be léf'ge 4f S=0 and. small if S=1. Similax argwhents'per-

tain o A

We have plotted R, for 148 AH4 in Tig. 5. . Also shown there is
the theoretical curve of Dalitz and Liu°’/. Our valus, R4 = 0.68% 0.0k,
along with the experimental values of p? /p® +s?, is shown in Fig. 5.

It is:cleér that the data strongly indicate S = 0. Ve have measured
Rs = O. 39 + 0.07 for L) cases of AH . The data are showm in Fig. 6,
along with the theoretical results of Dalitz and Liu using a binding
energy of AB3; € = 0421 MeV. The measured value is € = 0,21* (.20 Me‘V4)°
Since the czlculated result is proportional to Ve, it is clear that the
theoretical uncertainty is quite large. However, the data strongly ’
favour S = Y. It is amusing perhaps to reverse the argument, assume
= Y4, the measured value of Rz, and the theoretical structure, and
then deduce the binding energy; This leads us to a redetermination
of €, albeit indirect, of € = 0.16 * 0,06 MeV. The wesults for Rs and
Rs are in agreement with emulsion resultss’s) of lower statistical

weight.
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In summary, all methods of spin determination of AH3 and
AH4(AHe4) agree that the antiparallel A-nucleon spin state is more
strongly bound., Thus, we must conclude that the ground state spin

of A§3 is Y%, and that the spins of AHe4 and AH“ are zero.

If it were not for the possibility of an excited state for
AH“(AHe"), the parity argument for the K would be unassailable.
However, the possibility has been advanced that what really happens is
that the hyperfragment is produced in an excited spin 1 state, which
rapidly y-decays to the ground state of spin zero, and that what we
observe is the spin zero ground state. Dalitz and Downs7) have esti-
mated that if such an excited state exists, its binding energy is
2 0.1 MeV, whereas the ground state is bound by ~ 2 MeV. This large
a difference in binding energies should lead to a measurable difference
in the rate of production of hypernuclei in reactions (a) and (b),
i.es the rate should be very low if the excited state is formed, be~-

cause of the low binding. The ratio
4. -
(AHe +T )

(AHe4 +m ) + (A +He® +7 )

=

should be proportionel to Ve, where € is the binding energy of the type
of AHe4 produced. In particular, the ratios R should differ by a fac=-
tor of ~ 4.5 for the ground and excited states. Originally, Dalitz
and Downs calculated the ratio R using an impulse model and the reac-

tion chain,

K™ +He* » 7 +A° + He® - 1r"+AHe4 .

Their result was R = 22%., More recently, the Helium Bubble Chamber
Group8 has demonstrated strong evidence for the formation of Y¥ as an
intermediate state, - Thus, one must calculate the reaction chain

K +He* » Y¥™ + He® » 7 +4° + He® » n'+AHe“ .

M.M. Blockg) has calculated the ratio R assuming an intermediate Y* state.

The calculation uses an impulse model, and is quite sensitive to the spin
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and parity assignment of the an The predictions, along with our

experimental result R = 0,20 * 0,02, are summarized in Table 2.

Table 2
Model R(e=2.2 MeV) | R(e=0.10 MeV)
Simple impulse model 0.23 < 0.05
Yy 2y 0.23 < 0.05
Yy ps, 0.14 < 0,05
Yy P1/ ’ 0.07 < 0.05
: /2 :
Experiment - 0.,20 * 0,02

Recently, two groups’o’li) have determined the spin of the Yf to be

S = 3,and Shafer et a1.11) have preliminary evidence favouring pa/.
Our experimental data strongly favour the assignment paé, and at tie
same time indicate that the hyperfragment was produced via the ground
state and not the excited staté. Thus, the conclusion is reinforced
that the K is pseudoscalar,

III. LIFETIME OF ,H®

The AH"s have a mean length before decay of ~ 0,5 cm which
is a convenient and accurately measured distance in the helium chamber.

Of the 69 AH3, 36 satisfied our selection criteria:

a) decay length longer than 0.5 mm;
b) decay occurring further than 1 cm from chamber boundaries;

¢c) x2? from kinematics fitting programmes were acceptably small.

These criteria were used to eliminate possible biases, and to provide

accurate measurements.

33/NP /v
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A maximum likelihood function of these 36 events (seven
decayed at rest), is shown in Fig. 7. The lifetime obtained was

75 = 1.05:‘_8'%3 x 10™"° sec, a value considersbly smaller than the

free A° lifetime, T, = 2036 * 0.06 x 107"° sec '?).  Dalits and
Ra.ja.seklrxa.m:'e.n13 have made estimates of T3 for various assumptions
of the spin of ,H’. They find 75(S=7%) = 1.79 * 0,10 x 107'° sec,
and T3(5=%) = 2.40 £ 0.03 x 107" sec. The calculations both
seem in disagreement with experiment, but the experimental value is

in much less disagreement with the assignmenf s=Y%.

IV. MEASUREMENT OF p&/ p&+ s RATIO FOR A° - n+7°

The impulse model predicts that the dominant decay modes
of the AHe4 hypernucleus are

AHe“ > 7° +n+He® (1)

and AHe4 > +p+H . (2)

Further, the final state interactions between He® and n will often

cause reaction (1) to appear as

AHe4 > 7% + He* , (3)

i.es 8 bound state of n-He? which enhancesthe reaction rate. The
corresponding reaction (2) between p amd H? does not lead to a bound
state and hence is not enhanced. We assume spin O for AHe“; Asin‘c'e
the 7° and He* arec also spin zero, reaction (3) can only go via the
s-wave channel of A° decay (A° » #°+n)., Thus the ratio

He* - all 7° modes
A
Ro =

B AHe" > all 7 modes

will depend sensitively on the ratio pé/pé+ sé, where po and so are
the amplitudes of the p and s channels, respectively, for the free de-

cay A° - n+ 7°. In perticular, assuming the experimental value

56 83/NP ficw
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p2/p? +5% = 0,12 * 0,03 for the charged decay mode (A° -7 +p), and
p? +s? = 2(p&+ s&), along with the formule derived by Dalitz and Liu®’,

. ‘ ’ . 2,
Ro = 1.96 So +0035 Pa , : (Ll-)
0.40 5% + 0,32 p?

we obtain the expression

Ro = 2,51 = 2,06 p&/pd+sd . (5)

Table 3 is a summary of the decay modes (corrected for background and
geometrical detection efficiency) of a sample of 317 observed AHe“. From
Table 3 we obtain Ro = 2,49* 0,34, Figure 8 shows the result of Eg. (5)
and our experimental determinesion., We obtain né/pd+sé = 0.01 i g'gz,
a2 value in good agreement with the valve of 0,12* 0,03 predicted by {:he
AI = ' law., This result is in agreement with thc asymmetry parameter
ratio ao/a_ = 1.10* 0,27 of Cork et a.l.M). " However, it should be
pointed out that their experiment yielded *wo solutions for pd/pd+ sd,

whereas this experiment also selects the proper solution.

Table 3
Decay mode distribution for 317 AH@4 decays

- . Non~mesic +
Decay mode |7° modes 7 modes ! m0115~ 7 modes
)

Topological A - £+ 4
deseription | ROvhing | {7 p.T PpI7 PP | p | PP | T 7 pi7 P Or Pp

199 | 4580 1t 0 [0 | 32 |0 2 1
Observed : ’
199 3 L2 2(+1)
Background a0 - .
corrections 132 (- Z3 2(+1)
Geometrical
corrections 251 101 .52 3(+1)
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V. DECAY MODES OF ,He*

Table 3 summarizes the decay modes for 317 AHe“. We observe
that Ry = (non-mesonic modes /7 mo@es) is given by Ry = 0.52% 0.10.
Further, Ro = 2.49* 0434 TWe also note a quite high ratio of ﬂ+/%-
decays, iecs a 3%. The two xt decays definitely identified both had
the rt stopping in the chamber, undergoing the characteristic
w+-*vu+ > et decay chain. The uncertain event had too short a decay
track to rule out the "proton" hypothesis. The mean ' momentum is
very low (~ 65 MeV/c), which is to be contrasted with a typical
decay, which has a momentum ~ 90 MeV/c.

Ferrari and Fonda’s) have noted that the basic force between
A° and nucleons could be due to an intermediate I state as shown in
Fig. 9a, Deloff et al.16) have calculated the formation.of ﬂ+, using
as a model the decay of the intermediate I, as shown in Fig. 9b, They
find that the ratio of w+/%— can be as high as several percent, and
further, that the at decay momentum would be quite low for the decay
AHe"' > 7 +n+ B,

The non-mesonic events broke up into two categories, i.e. 10
"p" and 32 "pp" events. It was estimated that of the 10 "p" events,
L were really AHe4 » 7° + He® + n, where the He® recoil produced a visible

track, Rither the direct four=-fermion interaction
A°+p > p+n (6)
or the reabsorption of a virtual pion by a nucleon,
A+N > (N+7)+N > N+N (7)
He* hypernucleus.

A

The direct four~fermion interaction, however, forbids in

can be responsible for the non-mesic decay of the

principle
A+4n->n+n,
because of the absence of neutral currents in the Fermi interaction (it

can still be permitted in practice by absorption and emission of virtual
pions).



- 72 -

On the other hand, the (A°p) interactions

A +p > (p+7 )+p > Dp+n (8a)

A +p > (n+7°)+p > n+p ‘ (8b)

or the (A°n) interactions,
A°+n -~ (p+7 )+n > n+n ’ (92)
A°+n > (n+7°)+n > n+n ' (9p)

can occulre.

It is clear that if the non-mesonic decay occurs via either
(6) or (8), it involves the emission of a fast proton (~ 400 MeV/c)
due to the rather large energy release in the interaction, while if the
decay goes via reactions (Qa) or (9b), there are two fast neutrons, and
visible protons can come only from the evaporation process in the rosi~
dual nﬁcleds. If the proton had a momentum of 2 250 MeV/E, we arbi-
trarily decided to call the event de~excitation off a proton. All of
the "p" e#ents had a momentum less than 250 MeV/c. Of the 32 "pp"
events, only 6 had both protons < 250 MeV/c. Thus, an estimate of the
ratio of non-mesonic de-excitation off the prdton to that off the neutron
is - ’
4-P - 5,2+ 0.8,
A=n :
"~ Since AHe4 has twice as many protons as heutrons, the ratio per pair
is 1.1 * Ouke  The number is too crude, however, to be more than an
indication that the basic de-excitation mechanism for non-mesonic decay

is about the same with either the proton or neutron.

VI. NON-MESONIC DECAYS OF ,H*

If we accept charge independencé in the production of AH4 and

AHe", we observe that the number of Aﬁ4 produced is one-half the number

of AHe4 produced, Although we observe only AH4 - ﬁ-, we can, using -

the production argument, find out how many AH4 decayed via either 7°

33/NP /ficw
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modes or non-mesonic decays. Further, if we assume the AIL = '/ law

for the decay of AH4 and AHe", then the ratio we obtained for AHe4,
l.e.
| AHe?‘» 7°
Ro = ==z = 2.49 ,
AHe > T

is related to the same ratio for AH4, i.e.

1/1,

RO(AHe4) X RO(AH4)

)

as shown by Dalitz and Liu®/. Thus
AH4 - ,n.O

AH4 > 7"

Ro(yHY) = = 0,10,
Putting these numbers together, after using a restricted samﬁle where
all events have been measured, and allowing for corrections for detec-
tion efficiency, background, etc., we find that we predict (from the
AH64 rate) that 163 = 10
Thus, 132 * 12 AH“:decayed either via 7 or w° modes. The remainder,
attr;buteé_to non-mesonic decays, 1s therefore 31 £15. Thus, the

AH4 were produced, compared to 120 * 11 AH4->W-.

ratio of (non=mesonic)/ (7 mesic) for AH4 is found to be 26 * 13%.
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Fig. 1. Schematic Drawing of Reaction K + l-le4 3

+ ,,He4, AHe4* 1r°+He4.

Fig. 2. Schematic Drawing of Reaction K + He4 >

+ AH4, AH4 > 7 + e,

Fig. 3. - Schematic Drawing of Reaction K~ + He44 p+m o+ AHS, AH3—> T+ HeS.
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PART III.2

e
A METHOD FOR DETERMINING THE SPIN AND PARITY OF THE Y7 )

M.M. Block,

Northwestern University, Evanston, I1l., USA.

The helium bubble chamber group1) has presented evidecnce
for the presencc of the mass 1385 MoV Yﬁ state in the absqrption at

rest of K mesons in He*. They find that the reaction channel
K +He* » 7 +A° +He® (1)
is .dominated by
K +He' = Y& +He?, Y4 - A%+7 | (2)
Also, this groupz) has reported a large yield of helium hypernuclei
from the reaction

K + He? » ﬂ"4iAHe4 . ’ (3)

Dalitz and Downss) have successfully analysed hypernuéleaf.

AHe4 is a bound state of &

real He® core, surrounded by a loosely bound (~ 242 MeV) A°.  This

states by considering, for example, that

implics that the hypernuclei in Eq. (3) ere created by the strong
final state interactions causing binding between the A° and He® from
reaction (1), Since the Y* mechanism dominates (2), this implies
that hypernuclcar forﬁation in (3) is due to the reaction chain

K +He* » Y§ +He® - 17-+AHe"' . ()

This note will investigate the rate of hyperfragment production in
(4) as a function of three level assigmnments for Yy, i.e. St/ Pi/
2 2
nd .
a p%

?) This research was supported by the US Office of Naval Research.
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It is convenient to introduce the ratio

= (7r-+AHe“)/(1T~+AHe4) + (7 +A° +He®) ,

where the symbols represent the rates of the indicated reactions, The
dependence of R on the Y* spin and parity can be most clearly qualita-
tively seen as follows. We adopt the co-ordinate system sketched in

Fige 1, end make the following assumptions:

a) only a pure Y* state is found in reacticn (1);
b) the K~ is absorbed from an s-state atomic orbit’

¢) the K is pseudoscalarz).

Since the total engular momentum J = 0, and parity is conserved in (2),
it is readily seen that £ = L, independent of the Y* spin or parity.
If we let J be the spin of the Y* then ;Y = ;-l- '72 . TFor the level
assignment s1/, We then have £ = 0, L =0, and Jy = % for Prys

£ =1, L-1 =Y, andf‘orpgy,z—‘lL~1, =% . Thus,
there is only one poss:.ble state produced in reaction (2), and it is
uniquely determined by the Y* quantum numbers. A convenient axis of
quentization is the normal to the production plane of (1), since
1;;;"'131"‘53 =_,(‘)., If we rewrite the wave function of the system, not
in terms of J., L, and s3, but rather in terms of £, L and =5 +§>3,

A
we obtain

cx =80 cos @|S=0, S, =0 > + a4 sinﬁl'S=1,Sz=0> (%)

Where ) is ’che angle between pA and p;,. The relative A-m momentum
is given by p[m = meA" e /m +m_, and the spinors IS 0, S3=0 >
and lS.. 1, S3=0 > refer to the total spin S of the system, i.e. S=0
or 1. For sq4/, we have as = 03 for p1/, laol = la,lz for P3/
Iaolz = lg.la, I" « The correspondlng angular distributions are shown in
Table 1. Although the angular distributions for s% and’ pj / are the
same,. they yield very different hyperfragment production rates. The
spin of AHe4 hes been shown to be zero /. Hence, only those states

with S=0 can form hypernuclei, The probability for S=0 is also
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Table 1

Hyperfragment production rate R, as a function of
the Y* state, for capture of a pseudoscalar K
meson in an s-state orbit.

. . Angular Probability | R (hypernuclear
¢
T* level | Spin | Parity | 45 40 ipution of S=0 rate), in %
s1/ A - isotropic 1 23
P1y 1 1Y + isotropic’ 14 7
P3/ % + 1+ 3 cos® ¢ 2/ 1

shown in Table 1. It is clear that, all other factors being equal,
the s4 / state will yield the most hypernuclei. A detailed quantita-
Y .

tive estimate is made below.

We will calculate the rate for the continuum reaction
K +He* » Y4 +He> » 7 +A° +He® , - (5)

using the impulse model., The final state wave function is taken to be

->

m m= + 1

> -
msr, +mMzrs3
A

E - - ip'n' -> A
vo(F, - Fa)o <r -

i.e. a plane wave pion and a continuum A° = He® wave function vy, labelled

by its internal momentum k. The co-ordinate system and coupling scheme

used is illustrated in Fig. 2, where
- ->
m3PA" APz

-
k=—T77
.A. 3

The wave function for AHe4 is taken as a gaussian, that is

¢ He* = N, exp-(ﬁ Z(Fi—?jP)
1,

5683 /NP /ficw
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where f is fitted to the charge radius deduced from the Hofstadters)
electron scattering experiments. The initial wave function for our
process, u(r), is thus the decomposition of the He® wave function
into the relative motion of nucleon 1 (which is later transformed into

a A) and the centre-of-mass of the He’-like core. Thus

u(r) = N exp-(a(?w -5 )2>,

where N is the normalization factor. In units where h=e=1, we find
that Vo = 89 MeV/c. Let T be defined as the transition operator for
the elementary reaction K + N - Y*, operating on the final state wave
function., Since the appropriate impulse operator also includes the

contact interaction terms S(FW—FA) B(FA—;1 ), the matrix element for

the transition of reaction (5) is given by

M= || Tva(r) T iBE u(r)az | (6)
[l | 7

where

If a pure Y* state is formed, the transition operator T in
the p, ,ps language (see Fige. 1) is completely specified., It is in

cases _(a) end (b): T = Aop, . * P3 +A1(PA7T>< ps)* Op s

s p .
€ Ps/2 or P1/2:

case (c) : T =3B ,

with Ao = 80/(p, 2/ 2u=p,**/2u) +iT/2, Ay = ay/(p,2/2u=~p, *¥*/2u)+iT /2,
A A Aw Am



and By = bo/(PAﬂ/ZH pA*Z/Zu) +3i T /2, i.e. the coefficients are
given by Breit-Wigner resonance amplitudes, with Ppr *2 /ou being the
resonant energy (4 = mm_ /mA+m ), and I'/2 being the level half-width.
We assume the a's and h's are constants, and for p;,y, Iaol L|.|a1|

and for D1/ Iaol Ia,]z

In order to discuss hypernuclear formation, we must use the
co~ordinate scheme of Fig. 2. We carry out this co-ordinate change

by transforming the transition operator T to the ié,f?ﬂ language by

‘noting that
m m
-> T = T 3 ->
Py === k+[1 - D (72)
A m, M (mﬂ+mA)(m3 +mA) ’lT
and
- => Mz -
b = -k—m3+mAP1r * ()

5683 /NP /iow

Since m_ is small, we simplify our relations (72), (7o) to be

- -

Ppy = P - (8a)
s - m3 -
Ps. = -k'-m;;-!-mA 1 ‘ (8b)

Using Eqs. (8a) and (8b) we obtaein the transformed T operator,

M3 -> > -> 21, =2
cases (a) end (b): T = =Ao [m3+mA p;+ Py’ :\-— :A. I:P‘”Xk:l Sy s

for pg/or P4 / s where k represents the gradlen'b

operator on the relative co-ordinate rA-r;, H

case (c) ¢t T'= 3B ,

for 51/ .
2
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Using partial integration, it can be readily shown that the
matrix element of (6) is given by

= >

% -ip°r d -
M= -Aop ]‘VE(r)e cos & ;= u(r)dr

(9)

- >
~ip°r d
- fop_ [ vl-;*(r)e TPT sine T u(r)ar ,

where © is the angle between ; and T for the p1, and ps, cases. For sy
u Ve 7A /e
we obtain

: e
M = Bo j,vﬁzr)e-J'p T ulr)dr . (10)

To evaluate Egs. (9) and (10), we employ closure., We cal-
culate the total transition rate which is proportional to

2 5
j]‘lMl dk dp_

by allowing k to range from zero to infinity (ignoring momentum conserva=-
tion) and replacing the integration over P, by its maximum value, i.e.
He*. This procedure

A
in general tends to overestimate the rate, an effect which can reasonably

the value of P, corresponding to K +He? » 7 +

be neglected if the allowed region of integration is dominated by the

final state interactions. Thus we use the relation

K %* - z = 2y L -> ->
?;;3? v§(r)vE(r’)dk =8(r-r') vﬁ(r)vﬁ(r'),

where vais the bound state singlet hyperfragment wave function. TWe

thus obtain
2

iper du >
l /‘VB(r)e cos = (r)dr

2 :
[21 + 2 124J== < ¢ >

‘a0|2

R (11)
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for p%, and p3/2, where <g? >
2
< g > s[u*(r) f;-; u(r)d? = 3a.

In a similar way, for své’

R = |I]2, (12)
where
. 22 -
I - /vg‘(r)e 12T y(r)a?, (13)

)

of p, using the gaussian wave function for u(r) and a numerical solu-

Dalitz and Downs>’ have numerically evaluated I as a function

tion of the Schroedinger equation for Vg il.e.
%> -ip'? -qr? -
I(p) = vaB(r)e e ar . (14)
Letting
. a -
Jp) = | vir)e *P ¥ cos ® = u(r)ar, (15)
B dr
we note that
_2edl
) =2 E. (16)

Table 1 gives the numerical evaluation of the three cases.
We observe the large difference between the rates for St/ and py/, in
2 2

spite of their identical angular distribution.

Angular distributions can be markedly changed from these
predictions by a small admixture of background terms, e.g. terms arising
from the strong A° -He® interactions. This is clear because inter-
ference terms, etc., arise from the amplitudes, whereas rates go as the

square of amplitudes and hence are rather insensitive to small admixtures

5683 /NP /icw
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of contamination terms. Thus, one should expect to have much greater
confidence in the predictive powers of a rate calculation than in
angular distributions. The lerge differencc predicted between the
three cases of Y* level assigmments should pfovide us with a valuable

tool for assigning these quantum numbers.

In order to check the sensitivity of the calculation to the
assumption of p-state capture, the following transition operators were

used:

cases (a) and (b): T = AO;ﬁA. g4(0) + A4 [%ﬁ(O)ix pmé] oy

+CopZ By * VH(0) + Cap3 l:vszf(o) x %] "3

(17)

where V@(0) is the gradient of the K -He* atomic wave function,
evaluated at the origin. It is now assumed that the C terms will
be neglectable, since they correspond to L = 2 recoil terms and are

probably suppressed by the angular momentum barrier. Therefore,
i r - > |
T > hobyy * TH(0) + &y V(0] X By | * O (18)

where agein the A's are resonant emplitudes. The corresponding opera=

tor for sv/ is given by
. 2
case (c) ¢ T = Bops ° VE(0) . (19)

The rates for hyperfragment production are given by

| |7 o |
o Ro= . . . > A : (20)
1+ 2 , : - )

. 2
laol
2 , 2 }
where Iao! = gz{[ for Pa/ s
2
- . . .
and lao‘ = 1-!-!3’1I for P3/ ’
2
J 2
and R = PR for S1/ (21)
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Table 2 summarizes these rates, which are approximately equal
to those of s-state capture. - '
| o Teble 2

Hyperfragment production rate for pseudoscalar K capture
in p-wave and scalar K capture in s-wave states

- R (hypernuclear rate in %)|R (hypernuclear rate in %)
Spin|Parity for p-wave capture, for s-wave capture,
level
pseudoscalar K scalar K
st Vo | = 21 5
Pié 1/2 + 705 .-<\, 5

We further test the hypothesis that the K is scalar, and is
captured in an s=-state, This would require that the hyperfragment be
produced in a spin 1 excited state, and decay into the spin zero ground
state. Dalitz and Downsz) have estimated that if such an excited state

is found, its binding energy is I 0.1 MeV.

The matrix elements for the transition are given by

-> -> C
T = A,pAﬂ QA for Pvé and paé , ‘ (22)
-
and T = Byps ° S, for sy (23)
The corresponding rates are given by
2
- 4

R=|1] for pi, and ps, (2k)

2
and by R=|J]| <ag®>. - (25)

The primes refer to the hyperfragment wave function corresponding to

0.1 MeV binding energy.

5683 /NP /kw



For our purposes, it is suff1c1ently accurate to assume that
both I and J are proportional to E’é, where E is the binding energy.
This proportionality comes from the normalization of the hypernuclear
wave function, which for sufficiently small E, satisfies the above,
These numerical results are indicated in Table 2. In summarizing,

We éee from Tables 1 and 2 that hypernuclear production is severely
limited if the K is scalar, whereas the rates are insensitive to

whether pseudoscaler K is captured from either an s or a p orbit.
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PART III.3
LIFETIME MEASUREMENTS OF AH3 AND A}14

)

L. Fortney"g s

Department of Physics, University of Wisconsin,
adison, Wisconsin.

(Presented by W.F. Fry)

Hypérfragments were produced by K~ mesons at rest in the
Berkeley 30" heavy liquid bubble chamber of Professor W. Powell.
The chamber was filled with a mixture of propane and freon, The
separated K~ beam from +the Berkeley bevatron gave about five stopping
K mesons per picture. About 90,000 pictures were scanned for hyper-
fragments. Hydrogen hyperfragments which are produced with a momentum
greater than 75 MeV/c per nucleon, travel more than 0.75 mm in the
liquid before coming to rest. This length of track can generally be

observed if it is not obscured by other tracks or steep in the chamber.

The two-body mesonic decays

AH3 > He® +7 +~ 42 MeV

AH4 > He* + 7 +~ 55 MeV

can generally be identified by kinematics, both when in flight and at
rest, The lifetime measurements are restricted to these two-decay modes.
For analysis considerations, the mesonic hyperfragments were separated

into two classifications:

i) Thydrogen hyperfragments which debay in flight with more than
80 MeV/c per nucleon, at tne time of decay, can yield a visible
nuclear recoil (He® or He?) of length greater than 0.75 mm;

these events are called two-prong decays;

%) Supported in part by the U.S. Atomic Energy Commission and in part
by the University of Wisconsin Research Committee with funds provided
by the Wisconsin Alumni Research Foundation.
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ii) hyperfragments which decay either in flight or at rest and
do not have a visible recoil are called one-prong events. Only
those events are accepted where the angle between the pion
direction and the hyperfragment is less than 85°, in order to
eliminate I~ decays in flight from the sample.

Each event of class (i) was subject to a three constraint

kinematic fitting programme under the hypotheses thaf fhe event was
a) a AH? two-body decay,
b) a AH4 two~body decay,

¢) or a free A decay “rom the K origin with the A vertex
superimposed on a nuclear track. This category also
includes three-body decays, since they will it a free

A decay in some cases.

The accepted two-body events were required to fit (a) or (B)
with a x* £ 10 and to not fit (¢) (x* 2 10). The sample of group (a)
is subject to some contamination of three-body decays which have only

one visible nuclear track. This contamination is probably small.

Five AH? and five AH? decays were found by this method of
analysis. The maximum likelihood method using this sample of decays in
flight only give

5 -
TAH = 0.70_003 x 10 sec

T H 2 1.9%107"° sec.

Events of type (ii) were analysed by assuming that the events
with P_ (laﬁ) greater than 130 MeV/c and less than about 150 MeV/c are
AB% two-body decays; and events with P (1ab) greater than 110 MeV/c
and less than 130 MeV/c are AH? two-body decays. Background studies show

that other'phenomena leading to pions of these momenta are unimportant.
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- This method yielded five Aﬁ? decays at rest and four in
flight decays.

Ten AH4 decays at rest and three Afﬁ decays in flight were
found. A maximum likelihood method of analysis for these one-prong

events yields the following lifetimes

TAH3 = O.6i8'g x 107" sec
TAH4 = 2.0t$'8 X 'IO_10 sec .

A third method of analysis was used to combine the in-
flight decays of class (i) with the decays at rest and in flight of
class (ii). Assuming that there are equal numbers of decays at rest
with pions backward, with respect to the hyperfragment, as there are
forward, the maximum likelihood method for the four AH3 two-body decays
in flight, and five at rest, yleld
+0.5 =10

x 10 sec .

3 —
7,00 = 0.63_0.3

A

The four AH% events in flight and the ten at rest yield a
lifetime of

T B = 2.4:’_2)'3 x107"'° sec.

The good agreement of these three largely indcpendent methods
of determining the mean life of AHP suggests that the background of
three-body decays in the two-body sample, is small.

5683/NP/smg



IV, PRODUCTION OF HYPERFRAGMENTS



BART IV.1

HYPERFRAGMENT PRODUCTION

J. Zakrzewski,

Institute of Experimental Physics,
University of Warsaw, Warsaw,

I. INTRODUCTION

1. General

, In this talk we shall make a brief survey of the experimental
results on hyperfragment production. Most of these results have came
from work with nuclear emulsion, although interesting studies have also
" been made with the use of bubble chambers' ®?/. Nuclear emulsion is in
this field of research an imporitant experimental technique bééausc of the very
high spatial resolution of which it is capable. It can resolve events
separated by distances of the order of 0.5 u or even less and record
observable tracks of charged particles of very low energy. On the other
~hand, the complex composition of nuclear emulsion bears significantly on
the experimental results. We shall pay particular attention to.this

problem in the following.

In the remaining part of this section we shall outline the
general conditions in which hyperfragments can be produced. Section II
will be devoted to the discussion of those aspects of nuclear emulsion
technique that are relevant to the observation of hyperfragment production.
Finally, in Section III, we shall discuss the main experimental results
obtained, mostly in recent work in which a systematic approach to this

problem has beéen made.

2. Conditions of hyperfragment production

)

nuclear fragment of a A° hyperon, i.e. a particle with a negative strangeness

The formation of & hyperfragment requires the binding in a

#) Only the production of ordinary hyperfragments, i.e. nuclear structures
containing one bound A° hyperon, is discussed in this lecture. The
observation of a double hyperfragment, i.e. a structure con alnlng two
bound A° hyperons, has been the subject of a separate talk’
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(S = =1)., In practice, this condition is realized by the bombardment
of atomic nuclei with particles having such propérties that their

strong interactions can lead to the appearance of negative strangeness
(S = =1) inside the struck nuclei. A A° hyperon produced at some stage
of such an interaction can be emitted from the struck nucleus, free or
bound in a light nuclear fragment, or else it can become trapped in a
residual nucleus, i.e, the heaviest "splinter" of all the disintegration

products of the reaction.

A negative strangeness can appear inside the atomic nucleus as

a result of the interaction of:

i) a non-strarge particle (e.g. a 7 meson or a nucleon) with energy

above the threshold for associated production of strange particles;

ii) a strange particle with a negative strangeness (e.g. a K meson or

a hyperon) interacting at rest or in flight.

Experimental results show that the cross-section for hyper-
fragment production in processes of type (ii) is about an order of
magnitude higher than that of processes of type (i). As a result,
exhaustive studies of hyperfragment production under various experimental
conditions became possible only with the advent of separated beams of K

mesons of both high intensities and purities and of various cncrgies.

IT. EXPERIMENTAL CONDITIONS

1,  Nuclear emulsion as a target

In studying the production of hyperfragments, nuclear emulsion
constitutes at the same time a "target" and a "detector". The atomic
composition of the target must therefore be taken into account in any
interpretation of the experimental results since a hyperfragment may

originate from the interaction of an incident particle with any complex
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%
nucleus of the main emulsion constituents ): C, N, 0, Br or Ag (we

neglect herc the less abundant clements S and I).

In connection with the presence in nuclear emulsion of two
distinet groups of complex nuclei, i.e. "light" nuclei with mass number
A %16 (C,N, 0) and "heavy™ nuclei with A >> 16 (Br, Ag), we introduce
the following phenomenological definitions. We shall refer to a hyper-
nucleus as "light" or "heavy" if its mass number is A < 16 or A > 16,
respectively. These definitions correspond to the fact that the most
massive hypernucleus that can be produced in emulsion from known inter-
actions of incident particles with light nuclei has a mass number A = 16.
It will follow in practice that the atomic number of a "light" or a

"heavy" hypernucleus is Z X 8 or Z > 8, respectively.

2. Nuclear emulsion as a detector

A hyperfragment is obscrved in emulsion as a double star
resulting from the registration of the interaction of an incident particle
with an emulsion nucleus and of the decay of the produced hyperfragment.
The smallest separation between the centres of these two stars (i.c. the
shortest range of a hyperfragment) that can be observed under ordinary
experimental conditions is 1% 0.5 y. If the centres of the two stars
cannot be resolved (i.e. the hyperfragment decays practically at the point
of its production) then we speak of the formation of a "cryptofragment".
It is clear that the difference between a "hyperfragment" and a "crypto-
fragment" is of purely phenomenological nature. Different methods must
be applied for investigation of cryptofragments as the basic criterion
of hyperfragment selection, i.c. the observation of a double star, is

missing in this case.

)

and to measure the very cloéely spaced double stars. The x and y co-

Recently the Amsterdam groupF have usecd o now method to detect

ordinates of the grains of the prongs near the centre of a star were

*) Most of the results available at present come from nuclear emulsion
of normal composition. IEmulsion loaded with various elements may
be used in order to study hyperfragment production from other nuclei
and some efforts have been made already in this direction?).
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determined with a special apparatus and straight lines were then
fitted to them., The intersection of these lines defined a centre of
the star. By this method it was possible to determine the distance
between the two centres with an error of about 0.07 u (or even less),

the smallest separation observed being about 0.25 “5 .

3. Identification of hyperfragments

Methods of hyperfragment identification have been fully
discussed at the oonferenoes’7). In this talk we are only concerned
with the problem of how to select & possibly unbiased sample of all
the hypeffragments produced in a given interaction, keeping in mind
the fact that the ranges of most ofvthe observed hyperfragments are

too short, i.e. less than about 20 uy, to assist in their identification.

)

their identity can often be uniquely established from the kinematical

Mesonic hyperfragments* ére readily identified as such and
“analysis of their production and decay processes. The unique identification

- of non-mesonic hyperfragments is, however, rare because their decays
‘usually involve the emission of neutrons and nuclear fragment$ of low
“energy (i.e. short range). Attempts‘Were nade o identify individual
events by assuming the emission of a éiﬁgle neutral particle and'by
rermuting charged particle identities in the kinematic anaiysis computer

*”programme. This prooedure may often lead to serious misintefprefétions as
‘some of the deéay configurations of non-mesonic heavy hyperfragments may

- resemble, and be interpreted as, the decay of much lighter hybernuclei.
This is illustrated in Fig; 1, which shows range distributions of Li®
fragments, mesonic ALi hyperfragments and so-called non-mesonic fALi"
events' /. The difference in their range distributions is apparent. The
effects of this. and other similar misinterpretations are far reaching and

have led to many conclusions which shouldﬁbé-questioneds’g).
Most of the non-mesonic hyperffagments mﬁst, thérefore,vremain
individually unidentified ond some sort of statistical épproéch is required

ﬁo identify such events.  This approach should be based solely on

#) Tt is customary to use the term "mesonic" only for those hyperfragments
whose decay involves the emission of charged 7 mesons.
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consideration of the characteristiocs of the production process and
on the observed hyperfragment range distributione’g). In this manner
it should be possible:

i) to make a statistical division of all the hyperfragments into

two classes of light and heavy ones; and

ii) +to estimate independently the experimental losses and biases

for these classes.

4. DBiases

There are other phenomena caused by the interactions of charged
particles emitted from the primary disintegrationé whose appearance in
emulsion is often very similar to that of hyperfragment decay in that
they also lead to the formation of double stars. The following phenomena

are to be taken into account:

i) interactions in flight of secondary charged particles (including

single scattering events);

ii) captures at rest of negative particles, e.g. # and K mesons, and

5 hyperons;
iii)  déoay,6f unstable ordinary fragments, e.g. Li®, Li°, B®, and C'3;
iv) decay of unstable elementary particles, e.g. st hyperons.

Some of these events may simulate, by their configuration,
the decay of non-mesonic hyperfragments* . If the length of the connecting
tracks is too small (say, less than about 20 u) ﬁhen, in general, such
events cannot be individually identified. Statistical arguments must,
therefore, be used to estimate the contamination of the selected sample
of double stars, chosen for a given range cut-off, with these background

phenomena. It is clear that such an analysis must be carried out separately

*) The confusion with background phenomena, mainly single scattering events,
is particularly pronounced for those types of non-mesonic hyperfragment
decay which lcad to the emission of a single charged particle (one-
pronged decay).
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for each experiment as the contribution from various background phenomena

s

may differ for various experimental conditions ).

ITITI. GENERAL FEATURES OF PROCESSES INvWHICH
) HYPERFRAGHENTS ARE PRODUCED

1. Introduction

Table 1 lists the particles of various energies that have
been used to produce hyperfragments in nuclear emulsion. t also gives
the observed fractions of interactions yielding hyperfragments and the
non-mesonic to mesonic decay ratios taken from published Work; The
compilation of data from various eXperimehtsvis made difficult by the fact
that of'ten &ifferenﬁ criteria of seleoﬁion of non-mesonic hyperfrégments
were adopted and different correctlons were intfodﬁoed by various authors;

sometimes these conditions were not clearly specified in the publications.

Table 1

[ sptatras e ]

Production of hyperfragments

Fraction of L ’ .
. . ~Non~-mesonic
. Particle Energy 1nﬁera9t%ons to mesonic HF
o : ’ ylelglng HE . | “decay ratio.
e e e (7). P . -
T mesons 3.0 GeV 0,090 = 0.012 R
7~ mesons L5 GeV 0,18 * 0.03 5.0 = 1.3
7~ mesons 172 GeV 0.3 * 0,05 ~ 6.3
Protons 3.0 GeV 0.096 = 0,019 -
Protons 6.0 GeV 0.07 -
“ Protons 25,0 GeV 0e3 % 0.05 (~0.5) ~ 549
. K~ mesons Rest | hke7? = 0.3 342 = 0.8
K~ mesons 85 MeV (mean) | 3.9 £ 0.8 7.5 * 5.6
K mesons 225 MeV- 6.3 2,5 -
K~ mesons 450 MeV 5.3 % 0,3 11.5 £ 2.1
K~ mesons 750 MeV 2. = O0u -
K~ mesons 900 MaV - Le2 2042 1565 = 244 .
K~ mesons 1,07 GeV hol % 0.2 13.3 = 1.1
K~ mesons 1.85 GeV 2.1+ 0.2 -
2™ hyperons Rest 2.5 £ 0.8 5.2 2,0
e e e e e i . e ine ,L,_,‘.v .

%) For'instance, it appears that the contamination with background phenomena

of a sample of short range heavy hyperfragments resulting from the inter-

actions of energetic K~ mesons is much smaller?!®) than in the case of
7~ mesons'?/.
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2. Fractions of interactions yielding hyperfragments

Table 1 shows that:

i) ‘the observation frequency of hyperfragments is much lower for
the interactions of 7 mesons and protons (0.1 - 0.5%) than for

those of K mesons and % hyperons (2=5%);

ii) there appears to be a tendency for this freguency to increase
with the energy of the incident 7 mesons and protons: such an
inorease could be explained if with the increase of the incident
particle energy, most of the A° production occurred in secondary
collisions inside the struck nuclei, in particular those of 7 mesons

12
on nucleons 5

iii) din the case of K mesons, the observation frequency seems to stay
near 5% for both interactions at rest and in flight at least up
to 450 MeV;

iv) for 5 hyperons the fraction of captures at rest giving rise to
hyperfragments is less than that for K mesons: this may be ascribed
to the fact that the nuclear absorption of % hyperons is more

peripheral than that of K~ mesons' >/,

The fractions of interactions leading to the binding of A° hyperons
in emulsion nuclei may actually be higher than the values given in Table 1

because of the formation of cryptofragments.

Several estimates of the frequency of crptofragment formation
in the capture at rest of K mesons were made from an analysis of the
total balance of strangeness in such interactions. With the use of nuclear
emulsion, Davis et al,14)

found for this frequency (30* 7)% (upper limit),
Cester et al.'®) (0-15)% and Filipkowski ot al.’

) (13227,

Recently Knight et al.17> have performed an experiment in which
K mesons were stopped in the 30" Berkeley heavy liguid bubble chamber in
a 50%-50% mixture by volume of CF3Br and CsHg. The result was that
(22.5%1.7)% of the interactions did not emit a strange particle and so
presumably involved the trapping of a A° hyperon. This observation,
together with that of Davis et al., led %o the conclusion that the
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frequency of A° trapping in light and heavy nuclei of the emulsion is
(18.5+ 3.5)% and (51 * 14)%”>, respectively.

ryptofragment formation from the capture at rest of b
hyperons in emulsion was investigated by Sacton et al,13). From a study
of the energy released in capture stars, they estimated that the frequency

of cryptofragment formation is (9:* 3)%.
P g

Theoretical estimates of the probability of A° trapping in
heavy emulsion nuclei, following the absorption at rest of K mesons
and % hyperons calculated by Martin18), are in agreement with the

emulsion results gquoted above.

%. Non=-mesonic to mesonic decay ratio

It is seen from Table 1 that the non-mesonic to mesonic decay
ratio increases markedly when we pass from hyperfragments produced by
K~ meson capture at rest (~3) to those produced by K mesons interacting
+din £light (~12).

This ratio strongly varies with the range of hyperfragments
originating from the interactions of energetic K mesons., This is
illustrated in Table 2 in which the combined results obtained in the
study of hyperfragment production from the interactions of 1.3 and

19)

1.5 GeV/c K mesons were used .

Table 2

e =

The veriation of the non-mesonic +o mesonic
decay ratio [lor hyperfragments produced in the
interactions of 1,3 and 1.5 GeV/c K~ mesons

e

ST R A A R R R A L RS R RO X SR R R R R R R R R R L A e ey

HF range in um 0 - 10 10 - 100 > 100

Y TN ik =

B T P P |

Non-mesonic to
mesonic deccay ~ 100 ~ 3,5 ~ 1
ratio

S AT G R T L T T K R R e A T A S R e ]
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From these results it is clear that short-range hyperfragments
originating from the interactions of energetic particles (in particular

K mesons) are much heavier than tliose produced from the capture of
xI

8,10,19=~21
>0 ) that

most of the shorit-range hyperfragments produced in the interactions of

K mesons at rest. In fact, detailed analysis shows

energetic particles are residual spallation products of heavy nucleus
disintegrations containing a trapped A° hyperon. When such heavy spallation
hyperfragments receive sufficient momenta in the interaction they yield,
visible tracks in emulsion and thus their decay can be distinguished from
the primary disintegrations. In the case of K~ mesons interacting at

rest, the momenta transferred to the heavy residual nuclel are, in general,

too low so that heavy cryptofragments are formed instead of resolvable double

stars.

4. Range distribution of hyperfragments

A typical range distribution of hyperfragment519> produced
in the interactions of energetic particles is shown in TFig. 2. It is
seen that the range distributions of mesonic and non-mesonic hyperfragments
are strikingly different. The range distribution of non-mesonic hyper-
fragments exhibits a maximum between 2 and 5 u and then sharply decreases.
On the other hand, the distribution in range of the mesonic hyperfragments
shows no such feature. Combining this observation with the previous one
concerning the variation of the non-mesonic to mesonic decay ratio with
range (see Table 2), one can divide all the hyperfragments into three
cabtegories in a natural manner: <those with ranges less than 10 u, between
10 and, say, 100 u, and greater than 100 p, respectively., The hyperfragments
of range less than 10 y are in the main the residual spallation products of
the heavy emulsion nuclei containing trapped A° hyperons which received
sufficient momentum to record visible tracks in emulsion. Those of range
greater than about 100 y are mainly very light (A < 5) hyperfragments as
indicated by %heir low non-mesonic %o mesonic decay ratio. The events from
the range region of ~ 10 to ~ 100 u are probebly a mixture of very light
(A £'5) and medium light (A 2 5) hyperfragments and perhaps some heavy

hyperfragments from the tail of theilr range distribution. In fact, if one
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knew the identities of the light mesonic hyperfragments and the non-
mesonic to mesonic ratio as a function of Z, then using the range distri-
bution of such identificd mesonic hyperfragments, one could construct

the range distribution of the corresponding non-mesonic hyperfragments.

By this indirect method, it would be possible to establish statistically
the composition of the sample of non-mesonic hyperfragments of intermediate

range, apart from any direct methods of establishing their identity.

In connection with tie shape of the range distribution of
hyperfragments (Fig. 2), the following remark should be made. From
considerations presented in Section II.2 it follows that the short-
range end of this distribution may be biased against the detection of
very closely spaced double stars (i.c. hyperfragments of ranges less
than about 1 p). The Amsterdem group demonstrated by the application
of their method (see Section II.3), that such a loss mey indeed exist.
For instance, they found nine double=-centred eVans'amohg 179 stars.
which on first inspection did not appear to be double~centred” /. The
range distribution in 0.25 p intervals of a sample of double stars measured
by their method is shown in Fig. 3.

2)

minimum momentum transfer %o a heavy hypernuclcus that leads to a separa-

The Warsaw group2 have attempted to determine What‘is the
tion between the two centres which can be recognized under normal
conditions. For this purpose observations were made on the scattering
in Ilford K2 emulsion of argon ions. Figure L4 shows the preliminary
results of this work, i.e. the relation between the momentum imparted to
the struck emulsion nucleus (determined from the kinematics) and its
observed range in emulsion defined as the distance between the point of
scattering and the tangent to the last grain of the recoil track. It is
seen that the experimental points lie in two regions, I and II. Region II
corresponds to the scatbtering on light nuclei, C, N, 0, whereas region I
corresponds to the scattering on heavy nuclei, Br, Ag. It is seen that
the struck heavy nuclei start recording visible tracks in the emulsion
when the momenta imparted to them are < 0.5 GeV/c. Now heavy spallation

hyperfragments observed in the interactions of particles with momentum up
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to several GeV/o possess mass numbers between A = 40 and A = 100, This
observation may help to understand the reason for the high average
momentum of the order of 1 GeV/c found for the spallation hyperfragments
when the incident K momentum was only 0,8 GeV/cas). If the argument
given above 1s correct the spallation heavy hyperfragments of low

momentum would not be observed.

5. The nuclei from which hyperfragments originate

The range distribution of hyperfragments changes with the
increase of incident particle momentum. In Table 3 the fractions of
hyperfragments of range less than 5 u are shown for several values of
the momentum of the incident particles. There is an increase of this
fraction when we pass from K interactions at rest to those at 0.8 GeV/c;
then we observe a. slow decrease with increasing momentum of the incident
particles. Such a variation is presumably a reflection of the complex

composition of our target, i.e. nuclear emulsion.

Iable 3

The variation of the fraction of non-mesonic
hyperfragments of range less than 5 um
with the incident particle momentum

g A T L A

Pag:;"l: and K" | x| K| | |7 |
(in grel.v%) at rest 0.3 008 105 203 L|-05 17 25

e S A N

Fraction of HF
of ranges < 5um ~63 | ~60]~83|~T1|~64]|~27|325|%8

%)
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Indeed, most of the mesonic hyperfragments produced as
a result of the capture of K mesons at rest come from the light
nuclei of the emulsion and this effect becomes more marked as the
atomic number, Z, of the hyperfragment inoreasesaA). This is illustrated
in Table 4. Similar studies have not been made for the non-mesonic
hyperfragments. However, using the non-mesonic to mesonic decay ratio
given in Ref, 24 and assuming that the same proportions of production
by light nuclei are applicable to those hyperfragments which decay non-
mesonically, one can estimate that the ﬁajority (2 80%) of non-mesonic

hyperfragments must have originated from light nuclei as well.

Table k4

Proportion of hyperfragment
production in light nuclei

Atomic number Z 4
of mesonic HF

Lower limit for <the

proportion of light
nucleus production 57| 73 | 8 9L

(%)

On the other hand,most of the hyperfragments produced from
interactions of particles in flight come from the heavy nuclei of the
emulsion. This is illustrated in Table 5 which shows the proportion of

hyperfragﬁent pfoduction'in heamy'nuclei for several reactions.

Table 5

Proportion of hyperfragment
production in heavy nuclei

Particle and momentum K K K K T
(GeV/c) at rest | 0.8 1.5 2,3 Le5

Proportion of heavy
nucleus production > 13 > 63 ] >822 1>8.1]2090

%)
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Thus, the explanation is that with the increase of the
incident particle momentum, heavy cryptofragments start recording
visible tracks in the emulsion and so the observed yield of short-range
non-mesonic hyperfragments inoreases., However, as the incident particle
momeﬁtum is further increased, the heavy spallation hyperfragments will,
on average, be of slightly lower mass. This conclusion follows from
the obsérvation of the mean prong number, ﬁh’ of the hyperfragment
parent stars. The increase of Nh with the incident particle momentum
is clearly seen from Table 6 and indicates that the residual hypernuclei

will have correspondingly lower masses.

Table 6

Mlean prong number ﬁh of the
hyperfragment parent stars

Particle and momentum K- K K K
(GeV/c) 0.8 1 1.3 | 1.5 2.3
ﬁh 6.3 | 7.7 | 8.7 111.2

Therefore, if the average momentum transfer does not decrease the faot
that the heavy spallation hyperfragments have lower masses implies that
they will have larger range; +the number of events with range less than
5 p will decrease. It should be added that an increase in the mean range
of the heavy hyperfragments might also be due to an increase in the

momentum imparted to the struck nucleus.

The mesonic hyperfragments resulting from the interactions of
K mesons in flight are, in general, of longer ranges than those coming
from the K meson captures at rest, This observation is illuStrate@ in
Fig. 5, which shows: a) range distribution of the mesonic hyperfragments
from the interactions of K mesons of 800 MeV/c momentum; and b) range
distribution of the mesonic hyperfragments from the. interaction of K mesons

at rest.
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The average size of a star with a hyperfragment is in
general larger than that of a single star. For illustration, the
results obtained by the Brussels and Tarsaw groups in the study of
hyperfragment production by 800 1eV/c K nesons”~/ are presented
in Fig. 6. It shows the distributions of heavy prong number Nh
for stars containing hyperfragments of range < 5 u, i.e. heavy spal-

lation hyperfragments (class I: ﬁh = 6.3%£0.3) and of range 2 5 u

(olass IT: ﬁh = 5.3::0.5) and for single stars with one or more
‘short tracks of range < 5 u (class III: ﬁh = L.82%0,2) and without

such short tracks (class IV: ﬁh = %4.9%0.2). These short tracks in
single stars can be attributed to recoiling heavy residual nucleil:
consequently both the events of class I and of class IIT must have
originated from heavy emulsion nuclei. The range distribution of
recoils in single stars (class ITI) is almost identical with that of

heavy hyperfragments (class I) [see Ref. 23 for discussion].’

6. Charge digtributidn of mesonic hyperfragments

Ithas been shown above that for the capiures of K mesons
at rest, the hyperfragments observed come predeminantly from light
nuclei whereas for the interactions of particles in flight they come
from heavy nuclei., It is interesting, therefore, that the obserfed

charge distributions of mesonic hyperfragments are similar in both cases.
Tp1e 7°)

Charge distribution of
mesonic hyperfragments

Atomic number Z of 1 5 3 L
mesonic hyperfragment '

e gttreét,
192 events, %
K at 0.8 GoV/e, -
73 events, % | 39.7 * To& | 42,5
T at 4.5 GeV/e,
65 events, % | 33.8

I+

33.8

I+

4.2' 4207 Ll-'9 15:6 + 209 5»2 + 07

1+

Tob6 | 137 £ L3 | Lol £ 2.4

1+
1+
I+

7.2153.9 £ 9.1 7.7 % 3.5 45 £ 2.7

*) Only events with uniquely determined Z have been used.
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Table 7 shows the charge distribution of mesonic hyperfragments
resulting from K captures at rest24) and from the interactions of

0.8 GeV/c K 25) and 4.5 GeV/c w mcsons26). It is not clear whether
this similarity is a real effect or a fluctuation due to poor
statisties and different scanning biases which may affect both samples

of events; this problem is certainly worth investigating.

Knowing the non-mesonic to mesonic ratio for the various
hypernuclear species, the Chicago group24) estimated the hyperfragment
emission probabilities for K meson captures at rest (defined as the
ratio of fhe number of hyperfragments to the number of bound plus
unbound A° hyperons produced) for the light hyperfragments. These
estimates are given in Table 8. The emission probability is seen to

increase with the mass of the hypernucleus (see Section III.8).
Table 8

Average probability of mesonic
hyperfragment emission from
interactions of K~ mesons at rest

Hypernuclide AH3 A;ﬁ AHe4 AHes 2Lis Be, B, G

Average emis-
sion probabi=- | 0.14%0,06 }0.43%0.15 | 0.45%0,10 | 1.4*0.3 3.4%1,0
lity x 102

7. Angular and energy correlations

Hyperfragments originating from the interactions of particles
in flight are preferentially ecjected in the forward direction with respect
to that of the incident particles. This observation is illustrated with
the results from the Brussels-Warsaw Workzs). Figure 7 shows the angular
distributions of hyperfragments and of recoils in single stars with
respect to the line of flight of the incident K mesons. The short-range
hyperfragments (& 5u)are seen to be strongly peaked in the forward direction,
their forward to backward ratio being F/B = 3.3%*0.7. The angular

5683/NP/smg
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distribution of long-range hyperfragments (>5u) is more isotropic
(F/B = 1.8%£0.6); and similarly so is that of recoils observed in
single K stars (F/B = 1.5% 0.13)"').

For ordinary fragments emitited from high-energy nuclear
reactions, a marked anisotropy of their direction of emission is also
observed., It is seen that their forward collimation increases with
the energy of the emitted fragments, i.e. with their ranges. This is
shown in Table 9 for Li® fragments emitted from 4.5 GeV/c 7 meson
interaotion527). A similar increase in the forward collimation with

energy has also been observed for light identified hyperfragmentsza).
Table 9

Forward to backward ratios for Li® fragments
from interactions of 4.5 GeV/c 7~ mesons

Range _ _
of Li® (u) < 101 101 =~ 134 134~ 232
F/B ratio 1,03+0,2 1,6+0,2 2.5% 0.l

The valués of the over-all forward to backward ratios for
light hyperfragments are, in general, slightly lower than those
for heavy ones; +the same is true also for ordinary light fragments

and reooils“); this is illustrated in Table 10.

There are some indications that both the angular and energy
distributions of ordinary fragments and light hyperfragments are
similar25’28’3°>, but certainly more work is needed to clarify the
situation in this respect. Of course one should compare respective
distributions only for those ordinary fragments and hyperfragments

which at least possess the same atomic number Z. The easiest approach

%) The low value of this F/B ratio might be due to a strong bias
against the detection in single K~ stars of short recoils
projected in the forward direction. However, no reason for
such a bias could be found.
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Table 10

Forward to backward ratios for light
fragments and hyperfragments and for
recoils and heavy hyperfragments

|

Incident
particle

and energy
(GeV)

K™ mesons

0.9

Protons

1.0 240 Oul5

3.0 1.07

Light
fragments

Recoilsf

1.5i 0'2 1.81 003 1.8i 0.3

3.1+ 0s6[1.820,3{2.3% 0.4

Light

hyperfragments 2.2* 0.5

1¢82 04614+ 0.3

Heavy

+
hyperfragments 241042

3307 3.2 0.4

consists of investigating ALi mesonic hyperfragments and Li® fragments;
both types of events can be identified by their decay characteristics and

any experimental biases will be considerably reduced in this oasew)°

In fact, such a comparison has been performed by the Chicago
4)
The
results show that range distributions of both ALi and‘AHe hyperfragments

group2 in a detailed study of the capture of K mesons at rest.

are respectively very similar to those of ordinary Li® and He nuclei.
In Fig. 8 the normalized range distrib

£

displayed as an illustration

utions of ALi and Li® events are

%) One can extend this type of investigation to other types of fragments
by using, for instance, less sensitive types of emulsion exposed to

5683/NP/smg/kw

the same beam of particles to which normal emulsions have been exposed.
Then one can study the emission of hyperfragments in the normal emulsion,
and that of ordinary fragments in the less sensitive emulsions where it
is much easier to identify the charges of fragments from observations

on their tracks.

Tt has been shown that the lower 1limit of the proporiion of Li®
production in light nuclei is 75%; see also Table L.

Particles and light fragments were observed in addition to a recoil
in a primary disintegration.
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Hyperfragments originating from interactions of K~ mesons
at rest are emitted preferentially in the opposite direction o
that of accompanying 7 mesons or fast protons; an angular correlation
of the same type is.alsvobserved Tor Li® fragmehts24). A possible

reason for, this observetion is discussed in Section IIT.S8.

8. ilodels of hyperfragment production

i) Hyperfragments produced in the capture at rest of X
mesons and % hyperons

Two models for the production of hyperfragments following

- 24 .
K. meson captures at rest in emulsion nucleil have been proposed ).

In the first, the ™rapped A° hyperon" model, it is suggested
that the A° hyperon, either created directly in the initial K meson
interaction or as a result of % hyperon conversion, becomes trapped in
the potential well of the excited struck nucleus and is subsequently
emitted as a hyperfragment in the ensuing de-excitation stage. This
model accounts satisfactorily for the observed preponderance of hyper-
fragment emission from the light nuclei of the emulsion following
K meson captures at rest. The small amount of excitation energy
available, less than 100 ileV, is sufficient to cause a ocomplete break-
up of a light nucleus, as a result of which a A° hyperon may sometimes
remain in one of the disintegration products to form o reoognizable
hyperfragment. However, amultiply-charged hyperfragment would rarely
recelve sufficient energy to surmount the Coulomb barrier of a bromine
or silver nucleus. Thus, when a A° hyperon is trapped in a heavy nucleus,
it will remain there after the completion of the de—-excitation phase to
form a cryptofragment. On this model it is to be expected that a
similority should exist between the energy spectra of hyperfragments
and those of corresponding ordinary fragments emitted from K~ ocaptures

at rest.

The angular correlations between the direction of the hyper-
fragment emission and that of e fast proton or a 7 meson is also accounted

for by this model since the prompt emission of a fast protdn or a 7w meson

5683 /NP/smg
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will impart to the residual nucleus a momentum of around 200 1eV/c
and the resulting hyperfragment emission direction is that expected

from a moving nucleus.

In the second, thc "prompt hyperfragment" model, it is
suggested that the K meson interacts with a cluster of nucleons
to produce a hyperfragment directly. Therc are several examples
in which this model seems operative, notably the observation of

AHe4 and AH% production in a helium bubble chamber:

K™+ He* » He' 47,

- AH&-+ﬂ°,

and in cmulsion the production of AB12 both from K meson and % hyperon
captures on carbon ’: ‘
K +c'? »AB”HTO,

2—+Cm-»AF2+n.

However, whilst this model camnot be excluded in such cases, several
featurces of the observed results suggest that this is not the dominant
process in hyperfragment production. First, the angular correlations
between the hyperfragment direction and those of w mesons and fast
protons are not so marked as might be expected from considerations of

the model. Secondly, the observed similarities of the spectra of
hyperfragments and of stable nuclei arc not casily understood. Finally,
there is the objection that a K meson interaction with o large aggregate

of nucleons has to be a rather frequent process.

1
%) Recently an event has been obsorved3 ) which is interpreted as the
production of a ACY* hyperfragment in the capture at rest of a I
hyperon on N'* nucleus:

2—+N”-»A@4+n,

AC14 -> AN14+7T—0

683 /NP/smg
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ii) Hyperfragments produced in the interactions in £light

A so=called "rccoil" model was originally proposed for
hyperfragment production by 0.8 GeV/c K meson interactions in
10, 20,21
flight 0’,0’ ); recently it has bcen shown to be operative for

- . . 8
other high-energy interactions as well ).

In this model it is assumed that a high-energy particle on
cntering a heavy nucleus initiates a nuclear cascade as a result of
which fast mesons and baryons arc ejected. A fast hyperfragment may
occasionally be ejected at this stage but from the cxperimental data
it appears that such cmission is infrcquent. Often a A° hyperon
produced in the initial phacse at sufficiently low cnergy, or degraded
to a low energy in subsequent cascade collisions, remalns in the highly
excited nucleus. In the ensuing evaporation phase, nuoledns or olusters
of nucleons arc emitted. Somctimes these clusters may bontain the A°
hyperon forming a light hyperfragment. Howecver, in the majority of
cases of hyperfragment formation the A° hyperon is not evaporated but
remains within the residuel hucleﬁs forming a heavy spallation hyper-
fragment. In collisions of this kind the average recoil momentum may
be of the order of the incident momentum which in this case allows it
to produce an observable track in the emulsion. Since it contains‘a
trapped A° hyperon, it subsequently decays leading to the formation of
a double star with a short interconnecting track, In this model, the
forward collimation of short-range heawy‘hyperfragments is to be
-explained as a result of the development of a miclear cascadé which
éventually leads to the A° trapping within a residual nucleus*); Light
hyperfragments of longer range are expected to have a smaller forwdrd to
backward ratio if they are mainly evoporated from a slowly moving nucleus.
The similarity of the energy'&igtpibuﬁions of light hypérfragménts to
tﬁose,predicted by evaporation thecory has been, in fact, dcmonstrated
beforeae). Several investigations that have beénspeffofmod fecently also
suggest that the emissica of light hypernuclel from heavy emulsion nuclei

. . 25
- occurs mostly during the cvapcration process .

*) Detailed discussion of this problem is given in Ref. 23.
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This "recoil" model is equivalent to the "trapped A hyperon'
model discussed above in that both are based on the assumption that
A° hyperons are capable of becoming trapped in the residual excited
nuclei, their fate being then determined by the subsequent nuclear

de-excitation processes developing in these nucleil.
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CAPTIONS TO FIGURES DRAWN ON STENCIL

Fig. 1 Range comparison of':
a) Li%®, 191 events R < 100 u, 81 events R > 100 u;
bg mesonic pLi hyperfragments, 6 events;
c) non-mesonic ",Li" events, 16 events.

Fige. 2 Range distribution of uesonic and non-mesonic hyperfragments
produced by K mesons of 1.3 and 1.5 GeV/c momentum,

Figs 3 Distribution of the distance between the two centres of
54 double centred stars which are betweern 0.25 and 1.5 pu
apart.

Fig. 5 a) Range distribution of _the mesonic hyperfragments from

the interactions of K mesons of 800 MeV/c momentum.
b) Range distribution of the mesonic hyperfragments from
the interaction of K mesons at rest.

%
¥*
3%
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PART IV.2
HEAVY HYPERFRAGMENTS

D.H. Davis,

Physics Department, University College, London.

It has been shown that the bulk of the hyperfragments produced
by the interactions of fast K mesons with emulsion nuclei are the
residual spallation products of silver and bromine and possess mass
values in the range A = 50 to A = 1001’2). Thus one is able to obtain
a sample,vby‘a selection using a range criterion alone, typically
R £ 5 um, which consists almost entirely of these heavy hyperfragments.
That they are indeed heavy is effectively demonstrated by Fig. 1 which
shows the range distribution of the secondary particles from their non-
mesonic disintegrations. The sharp fall-off of <tracks of lengths less
than 32 um (corresponding to an a partial energy of 7 MeV) is
attributed to the Coulomb barrier effect present in the decay of a

heavy hypernucleus.

With such a sample of heavy hypernuclei it is possible to
estimate their BA values, the non-mesonic to 7 -mesonic ratio and the

neutron to proton stimulation ratio.

The upper limit of their BA has been deduced from the obserg;d
energy releases in both their non-mesonic and mesonic disintegrations /.

Figure 2 shéws the visible energy release distribution for
470 non-mesonic disintecgrations of these 'spallation hypernuclei'. The
visible energy release in a decay has been computed as the sum of the
kinetic and binding (8 MeV/barticle) energies of the emitted charged
particles, all of which were assumed to be protons. The available energy
in decays of this kind is I, -1y - B, +3Bn =(18 - BA) . Therefore the
observation of total energy releases close to 150 MeV allows us to put

an upper limit of about 35 MeV on the BA of this sample.
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3w5)

to the same class of hypernuclei, are set out in Table 1.

Details of 17 m -mesonic decays , which are attributed

These arc assumed to be heavy using the same considerations
which have been applied to the sample which decay non-mesonically.
However, it should be horne in mind that for no individual event is
the identity ascertained. The estimates guoted for BA are upper limits
since the emission of a neutron or the excitation of the final recoil
nucleus will escape detection.

7

the low mass points being from a recent

Figure 3 shows the B, versus A; distribution obtained by

, >)x)!
the EFINS - Brussels group
compilation by Ammer et 21.°’, The masses of the spallation hypernuclei
have been roughly estimated from the number of cherged particles emitted
in the primary interaction, bearing in mind that no distinction can be
made beitween either silver (A = 108) or bromine (4 = 80) as the target
nucleus. However, as can be seen, this uncertainty on the A;o3 plot

re
is not too serious and thus it is suggested by erirapolaticn to infinite
O o

A from these results, that Dys the A-nucleus potential well depth, cannot
much exceed 30 MeV.

In order fo obtain a lower limit for BA for this type of hyper-

7 s 1o
nucleus an attempt ° has been made to study <he reaction

K +Br - ABr+-ﬁ— | (1)

vby stopping K mesons in the Ecole Polyteck-ique heavy licuid bubble
chamber containing pure freon (CFs Br) and lookinz at the high-energy

end of the resulting T meson spectrum. The highes® encrgy 7T meson

which can result from a K meson capture at rest in frecn would be that

in reaction (1) and would correspond to the production of ABr in its

ground state. At the present time no T meson has bteen found of sufficient

energy that it could only be attributed to reaction (1).

%) The new valucs for the upper limit of Bj are in very good agreement
with those found in Ref. 3.
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A compilationa) yields the value 3800/17 for the non-

mesonic to m -mesonic ratio in the decay of heav, spallation hyper-
y Y S]

fragments. This figure may be somewhat low if an appreciable

nunber of non-mesonic disintegrations involve the cmission of

neutrons only and thereby pass unnoticed.

The neutron to proton stimulation ratio for the weak

A=hyperon interaction in these hea hvpernuclei has been cstimated
3

using Monte Carlo calculations, as ~ 1.6=2 °) and L. 10). However,

the n/p stimulation ratio obtained by this procedure would be an

overestimate if +the multinucleon stimulation of the A-hyperon was

significant.

3)

L)
5)

6)

7)
8)
9)
10)
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PART TIV.

A DOUBLE HYPERFRAGMENT EVENT

J. Pniewski,

Institute of Experimental Physics,
University of Warsaw, Poland.

This is a report on the work done by the European K colla-

boration1) concerning the production and decay of a double hyperfrag-

‘ment. The event was found in a systematic search by the collaborating

groupsfor events of double strargeness in a stack of Ilford K.5 nuclear
emulsion exposed to the 1.3 and 1.5 GeV/c K beam at CERN. Altogether
some 50,000 interactions of K mesons were observed, and among them

several double strangeness events were recognized., In one case, the

production of a =~ hyperon on an emulsion nucleus according to the

reaction
K +n =5 +K°

was observed.

The & hyperon comes to rest and is absorbed by a light
nucleus of the emulsion --most likely by carbon 12, In this capture
a double hyperfragment is produced. It could be recognized by the
mesonic cascade decay. The most likely interpretations of the double
hyperfragment are those in terms of either ,,Be'® or aaBe''e A photo=-
micrograph and erplanatory schematic drawing of the event are given in

Fige 1.
The four stars were interpreted as follows:

star A = interaction of a 1.5 GeV/c K meson with the production of

a & hyperon (track 1);

star B =~ capture of the ol hyperon with the production of a double
hyperfragment (t—ack 6);

star C =~ decay of the double hyperfragment with the emission of a
7~ meson (track 7) and an ordinary hyperfragment (track 9);
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star D = decay of the ordinary hyperfragment with the emission of

a 7 meson (track 10).

The 7 mesons gave capture stars observed in other peliicles.
The ranges of both the double hyperfragment and the ordinary hyperfrag-
ment resulting from its decay are very short and therefore the analysis
of the event presents serious difficulties. In particular, the mos%t
important feature of the analysis was the demonstration that one of the
two m meson tracks originated in star C and the¢ other in star D. One
could discard all interpretations other than the production and subse-
quent mesonic cascade decay of o double hyperfragment. The probability
of a chance coincidence of a background star (star D) has been estimated
to be less than 107"~ per each interacting K ; on the other hand, the
probability of the production of a slow & hyperon followed by the dis=
cussed sequence of events seems to be reasonable in our experimental
conditions. One may notice that the production of a double hypérfrag—
ment in a & capture star is energetically favoured and that the competing

reactions of the type

c'?242 = B'"™+A°, or C'*+E =B'"+20°

A
do not suppress the production of a double hyperfragment .

For the identification of the event, at first the ordinary
hyperfragment was analysed only by kinematical considerations concerning
its decay products (star D). The possible identities and decay schemes
of the double hyperfragment were assigned from a study of both the pro-
duction and decay processes (stars B and C). In particular, the
Coulomb barrier argument was used to establish the fact that the =~
hyperon capture occurred on a light nucleus of the emulsion. The final

results of this analysis are summarized in the table.

From a comparison of the binding energy BAA of the two A°

hyperons in double hyperfragments with BA for ordinary hyperfragments,

one can expect to obtain information not only on the strength of the

A°-A° interaction but also on the spin-dependent part of the BA in or-

. 2) _ A -1
dinary hyperfragments”’. The value of AB), = A(AAZ ) - BA(AZA )
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presented in column 6 of the table is the net contribution of the
A°=A° interaction and the reduction due to the spin-dependent part
of the A°=core interaction, provided that core distortion effects

19, when the spin of the core

may be neglected. In the case of AABe
is zcro, ABAA gives the contribution of the A°-A° interaction only.
On the other hand, in the case of AABe11 the spin of the core differs
from zero and the spin-dependent part of the A°-core interaction must
be taken into account. In this case, using the recent data of A°-
binding energies for ordinary hyperfragments, one can evaluate the
pure contribution of the A°-A° interaction to be approximately 1 MeV

higher than ABAA'

From all the interpretations presented in the table, those

in terms of lithium are less probable as they require the assumption
that in star B an additional invisible prong exists. One of the

three other interpretations in terms of beryllium involves the emis-
sion of a neutron in the decay of the double hyperfragment. On

purely experimental grounds there is no reason to exclude this decay
mode , If a neutron is really emitted in the decay of the double hyper=
fragment, then one can obtain less information from the present event

concerning the A°-A° interaction.

For two other decay schemes of beryllium double hyperfragments:

AABe“’ > ABeg + H w7 }

- = +
ABe9 > 2Be* + H' +7 ABAA LeD % Ok MeV
Bel! = Bel®4f! 47
AN N )
ABG10 - 2He* + H? +7T— } ABAA = 3,2 * 0,6 MeV

the values of ABAA

proximately the same quantitative estimate of the strength of the

are well determined and give the same sign and ap—~

A°=A° interaction, provided that the spin-dependent part of the A°-core

interaction in AABe" is taken into account.

5683,/NP/iaw
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1) M. Danysz, K, Garbowska, J. Pniewski, T. Pniewski, J. Zakrzewski,
E.R. Fletcher, J. Lemonne, P, Renard, J. Sacton, W.T. Toner,
D. 0'Sullivan, T.P., Shah, A. Thompson, P, Allen, Sr. M. Heeran,
A, Montwill, J.E. Allen, M.J, Beniston, D.H., Davis, D.A. Garbutt,

VoAe Bull, R.C. Kumer and P.V. March, Phys.Rev,Letters 11,
29 (1963); also

"The identification of a double hyperfragment", to be published in
Nuclear Physics.

2) R.H, Dalitz, lecture given at the Hyperfragment Conference,
St. Cergue (1963), p. 147.
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5

A schematic drawing of the event. A = _ hyperon produced by a 1,5 GeV/c K meson comes to rest and is absor-
bed by a light nucleus /C,N,O/ of the emulsion. In this capture a double hyperfragment is produced, which is identi-

fied from the mesonic cascade decay.
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PART V.1

EMISSION OF LIGHT FRAGMENTS FROM THE DISINTEGRATION OF HEAVY
NUCLEI IN PHOTOGRAPHIC EMULSION CAUSED BY HIGH-ENERGY PARTICLES ;
FIRST COMPARISON WITH HYPERFRAGMENT EMISSION,

P. Cﬁer F]

Département de Physique Corpusculaire,
Centre de Recherches Nucléaires, Strasbourg-Cronenbourg.

In high=energy physics, fragmentation is the best means of
lieison between nuclear physicists and the physicists studying
strange particles, The former excite the nucleus to higher and higher
energies in order to obtain, after fragments, unstable hyperfragments
which they would like to be able to consider as convenient indicators
of fragmentation, wherecas the strange particle physicists view these
hyperfragments simply as a means of studying the hyperon-nucleon, or

even hyperon-hyperon, forces.

Fragmentation is a very complicated history of the disintegra-
tion of a nucleus, In principle, a fragment consists entirely of
nucleonic matter ejected from a nucleus in a state of excitation or
broken. Therefore, every case must be studied with the utmost care,
if possible on a given nucleus with a given projectile at a given

energy.

In this preliminary study, which is mainly to clear up a little
the clouds surrounding the comparison between the emission of fragments
and of hyperfragments, we confine ourselves to examples of fragments
well identified by us. For convenience, the comparisohs which follow
were made for fragments with charge 3, 4 and 5, especially Li®, Be®,
and B%. Since the proportion of Li’ and of B® amongst the fragments
is only a few per cent, we have studied in particular the emission of
1i® and Be®, wh'ch allows us to connect our results with the work car-
ried out at a lower en:rgy, especially by the groups of Pérfilov and
Lozhkin in Leningrad, and of Pniewski in Warsaw (energy range several

hundred MeV to 9 GeV). The global comparisons were made, in this first
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stage, with the emission of all hyperfragments of charge 3 and 4. In
the absence of standardization between the different schools which in-
vestigate fragments and hyperfragments, which would be most desirable,
the fragments and hyperfragmenté tabulated are those obtained by our

own group during the last two years.

These results were obtaincd by Drs. He Braun and G. Baumann
of our Laboratory from a study of emulsion stacks exposed at CERN,
thanks to the courtesy of Drs. Lock and Combe, either stacks exposed
especially for the Strasbourg Group or CERN co-operation stacks (for
example, for the m mesons of 17.2 GeV/c) or stacks exposed with
Hemburg for the K~ of 1.5 GeV/c, thanks to the kindness of Professor

Teucher of Hamburg and of Dr. Winzeler of Bern.

VAS an initial indication for the classification of these
phenomenological comparisons oné can choose the evaporation characteris-
tics without évident prejudice of the fundemental mechanism. This
choice is based, however, on previous results and also on the general

tendency of most of the results obtained. The chosen fragments of

- Li® and Be®, as well as the hyperfragments, are related to heavy

nuclei disintegrations so.that all comparisons arc statistically valid.
The presentation of the results is given in the order in which they
were obtained, namely as incident particle protons of .24 GeV, T mesons
of 17.2 GeV,: protons of 14 GeV, K of 1.5 GeV, and some results from

stopping 7 mcsons.

The emission of fragments of charge greater than 2 is a
nuclear phenomenon which is importent at thesc incident high energies

because in this field we obtein o ratio of Li® /1i® + Ii7 of the order

© of some per cent and the proportion of stars containing 1i® also of

the order of 1 to 2%. It is thercfore probable that several fragments

of Z 2 3 are emitted during the coursc of only one inelastic interac-

" tion of a high-cncrgy particle with a nucleus of silver or bromine.

683 /NP /kw

The relative proportion of hyperfragments is an important fraction, in

general, of the emission of Li®°, mainly in the case of K when their
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production becomes a quantitatively comparable phenomenon, even greater

for slow K than the emission of ordinary fragments.,

In order to facilitate these gquantitative experimental com-
parisons with the classical nuclear theory, the energy spectra have
been measured as well as the angular distribution which could give a

preliminary indication of the emission mechanism.,

The identification of Ii®, thanks to hammer tracks, is im-
mediate; those of Be® were made from the two o particles emitted with
a small calculable correlation angle; this identification is evidently
only possible for the ground state. The comparison is therefore only
applicable to the fundamental levels of fragments and hyperfragments.
It seems, in any case, in agreement with other studies, that until now

one can only observe a very small production (if any) of excited states.

If the fragmentation theory was definitely known, that of
hyperfragmentation would certainly be facilitated, However, actually
nuclear physicists and particle physicists count on each other, to some
exfent, the one hoping to find indications in the hyperfragmentation,
and the particle physicist trying to invoke the more or less known
mechanisms of fragmentation which they have a strong tendency to con=-

sider as certain,

Our experimental results arevnot decisive enouvgh to choose
between the 7 or 8 mechanisms which are proposed to explain and to
calculate the characteristics of fragmentation of an excited nucleus
by higﬁ-energy particles. Some times the'production of nuclear hot
points is invoked, sometimes an almost complete mechanical dissociation
of the nucleus with the help of fission phenomena, which are due to the
secondary interactions of the cascade. Several mechanisms seém to
play a part. We believe that the hypothesis of the pick-up or the
coalesence of similar particles, which are close together and of high
energy, 1s worth investigation as well as the simultaneous interaction
of particles near each other on the same nucleon or group of nucleons

for which & theory has still to be developed.

5683 AP
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With the statistics which we have at present, a certain number
of results, in the chosen phenomenological terminology, seem to be
definitely established, The parameters for the evaporation curves
give the best fit to the results with a temperature, T, of 8 to 10 MeV,
a potential barrier of 5 to 10 MeV, and a velocity for the centre of

gravity of about 0.01 c.

. These parameters are evidently not critical except for T and
have been empirically adjusted. This adjustment is not very sensitive
to the velocity of the centre of mass, and therefore to the inelasticity
factor, This is favourable for the important presentation of the angu-
lar distributions in the C-system which do not vary much from those in

laboratory system.

It is evidently quantitatively possible to invoke several
temperatures during the same process in order to explain the global
aspeqt of the experimental results, On the other hand, the graphs of
the fragmentationd stribution as a function of the number of star
prongs of different energies confirms that which was already reported

by other experimentalists, that the correlation of the emission of

fragments and hyperfragments is not direétly with the "shower" but

with the cascade.

‘ The two extreme interpretations whi h have been invoked,
that is, pure eveporation at low energies or secondary interactions
provoked by the cascade, are both compatible with most of the results.
Nevertheless, some important nuclear remarks are necessary: the
temperature seems too high (greater than.the binding of a nucleon) to
indicate a normal mechanism of evaporation from a thermodynamic equili=-
brium which is due to the many secondary interactions. The fragment
does not seem to arise from a primary interaction beéaﬁsé“ the angular

distribution of most of the fragments or hyperfragments does not re-

- fleet it, except for those of high-energy or those emitted from a

5683/NP/kw

light nucleus.
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As many experimental results (for emission from heavy nuclei)
seemed phenomenologically compatible with some kind of evaporation
mechanism, we have looked to see if this morphology of the presentation
of results was too gross and too global, and if it did not contain, in

fact, several different mechanisms,

With this in mind, we used some recent results obtained in
our laboratory on the interactions of slow # mesons with light nucleij;
in particular, those which have interested us for a long time, because
of their possible temporary sub-structures, namely C'2, N'#4 and oteé
giving 1i°. If we study carcfully a certain number of favourable
reactions, then by a detailed study of the encrgy and momentum balances
we can determine the detailed mechanism of the interaction, and especially
the transition via (Be'®) and (B'2) giving us, respectively, 4 or a by
transition to ground state Li®. In this precise case we evidently know
that the evaporation theory is badly applicable or not at all applicable.
The excited levels are not numerous enough, and the number of nucleons
is t0o small., The encrgy distribution of the Li° fragments is, however,
compatible with the evaporation curve with parameters which seem reason-
able for this cxcitation encrgy and no barrier for these recoil fragments
of Ii®,

A certain reserve should therefore be shown towards the presen=-
tation of the results in the form of evaporation, and thc parameters
which may differentiate between the different mechanisms which occur

remain to be determined.

We think that the detailed and comparative study of nﬁclear
balances with the identificetion of the initial nucleus (loaded emulsions),
all the other conditions remaining identical between the fragmeﬁté and the
hyperfragments of the same nature, would soon enable us to give a more
concrete reply on the exact mechonism of their onroduction., - But already
it seems well established that there is no basic diffcrence between the

production of fragments and of hyperfragments.

5683 /NP /faw
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Table 1

Number of Li® or Ii° fragments emitted

per star for different primary particles of varying energy

(e e T e e s e T

Incident particle | Frequency of emission of .
energy fragments of Ii® or ILi° Authors and Laboratory
0,013+ 0,001 e .
5.7 GoV n 2.5 Goldsack et al. (1957) [Birmingham]
0.0188+ 0.,0018
n, > 8
9 GeV === s=mem-e—————el nojewski et al. (1962) [Warsaw]
" 0.015+ 0,0016
g all n,
o
&
: +
14 GeV O'Olgi'ggoos Strasbourg
R
25 GeV o.o;;i.g;ooz Warsaw and Strasbourg (1962)
0,014 * 0,002 ,
28 GeV n, 27 Milwaukee (1962)
0.0019 Alumksl and Barkow (1960) [Milwaukee]
at rest
~ 0,002 trasbourg
0,0046 + 0,0010
Le5 GeV 7< n % 17
T : Skjeggestad (1959) [0slo]
0,031+ 0,011 -
0.015% 0.002
17.2 GeV/c all o Strasbourg
. ~ 0,01
K" 1.5 GeV/c a1l n_ Strasbourg
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Editorial note

The figures show data on fragment and hyperfragment
emission from stars caused by protons of 25 GeV (Figs. 1 to
8), 7 mesons of 17.2 GeV/c (Fig.s 9 and 10), protons of
14 GeV (Figs. 11 and 12), K mesons of 1,5 GeV/c (Figs. 13
and 14), and 7 mesons at rest (Fig. 19). Figures 15, 16
and 17 show data on the size of the stars which emit fragments
or hyperfragments for different primary particles. Figure 18

shows the spatial distribution of pairs of fragments.
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PART V,2

PRODUCTION OF FRAGIENTS WITH CHARGE NUIBER Z = L -9
IN THE INTERACTIONS OF PROTONS ITH IIEAVY NUCLEX

0.V. Lozhkin and N.A. Perfilov,

V.G. Ehlopin Radium Institute of the Academy of
Sciences of the USSR, Leningrad.

I. TITRODUCTION

It is hardly possible to give a detailed account of all
the investigations of the fragmentation process done in the Radium
Institute of the Academy of Sciences of the USSR. Ve restrict
ourselves to the presentation of those features of the fragmentation
which are essential for the mechanism of the process and are related
simultaneously with hyperfragments. The main emphasis will be on
the experimental part of the investigations. loreover, we consider
here mainly the emission of fragments with charge number 7 2 4 and

energy & 2 2 1leV per nucleon.

II. CROSS=-SECTIONS OF THE PRODUCTION OF IFRAGIENTS

One of the characteristic features of Iragmentation is the
dependence of the yield of fragments on the energy of the incident
particles. As typical for high-energy reactions, Fig., 1 shows the
cross-sections for the emission of fragments with Z 2 L4 and Li® in
the interactions with heavy nuclei /g and Br in the incident particle
energy interval 100 IeV-9 GdV1_8 . One sees that the cross-—-section
for fragmentation increases strongly with increasing encrgy of protons,
the growth being particulaerly steep in the energy intervel ~ 1 GeV,
Beginning at about 100 ieV with the value of the cross-section for
Z 2 k. Pragments less than 0,1% of the total inelastic cross-—section

up to the cnergy Ep ~ 2 GeV, the cross—section for fragmentation increases
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by three orders of magnitude. A further increasc of the incident
particle energy does not lead to a strong inerease of the cross-

section. It is interesting that the totel cross—-section for

in the energy interval of scveral GeV of the incident protons, is
equal to obout 25% of the total inelastic cross—scetion; thus
fragnentntion plays an esscential role in the process of the
disinvegration of nuclei.

1 (]

An analysis of nuclear disintegrations lecading to fragment
emission has shown thot these disintegrations take place for o much
higher energy transfer to the target nuclei as compared with usual
disintegrations. The encrgy transfer to the target nucleus was
characterized by the nunber of heavily lonizing charged porticles
ndp (black and grey tracks). From the point off view of the cascode-
evaporation model, the number is determined by the degree of the

P

development of the intranuclear cascade and by the excitation energy

of the residual nuclecus as well.

Figure 2 shows the ndp~spcctrum for normel disintegrations

and for the disintegrations with fragaent emission in the interactions
7 7 8 . - a1 8
of 9 GeV and 660 eV protons with Ag and Br nuclei ’ ), The average
nuaber of charged particles in stars with fragient cmission is greater
by a factor 1.8 than the average ndp-nunbor in normal disintegrations,
the relation being the same in the wide encrgy intervol of the incident
particles: from 460 icV to 9 CeV. TFrom the analysis of the spectrum
onc finds thot the probability of fragment emission in a disintegration
incrcases strongly with the increase of the number of particles emitied.
This con be seen in fMig, 3 which shows the dependence of fragment emission
N

T o= emmbrmees
P N +N )

p  noru

el . . 1 L] {) . o 1) 3 5 6—8
on the ndp~number for diffcrent cncrgics of the incident protons *™° ).
The curves in Mig. 3 also show interesting features of fragment calssions

q

the high probability of disintegration with fragnent emission for a given
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ndp~number and a more stecp increase of the probability with the
increage of pdp for hi§§er energies of the incident protons, As in

the paper by Ostroumov /, it has been shown that a given ndp-number

is related to the smaller excitation encrgy of the residual nuclecus

for higher energy of an incident proton, the last observation shows

the connection between the probability of fragment cmission with the
total number of cascade particles, i.e., with the development of the
intranuclear cascade. This is supported by the obsecrvation that

after exclusion of black tracks, which according to the cascade=-
cvaporation model are evaporated, one gets the increase of the emission
probability of fragments with an increase of the number of cascade
particles (grey tracks)é’a)° Onc docs not observe, on the other hand,
any dependence of the probability Wb on the number of shower particles
(thin tracks) in the incident proton cnergy interval of several GeV.
This indicates that the character of the first collisions in the target

nucleus is irrelevant for the fragmentation process.

The above~-described specific feature of the fragmentation
process, the necessity of a high-encrgy transfer to the nuclecus for the
appearance of the fragment emission, is connected with the observation
that the emission of fragments not accompaniecd by other charged particles
‘is a very rarc phenomenon. Conscquently we concluded that the incrcase
of the fragmentation cross-scction is related with the incrcasc of the
fraction of high=-cnergy transfers with the increase of the energy of the
incident protonsz’“)° The lastvstatemont follows from observations of
the track distributions for diffcrent encrgics of the incident protons.
The strong increase of the fragmentation cross=-scction in the cnergy
interval 600~ 1,000 MeV can probably be related to the appearance of the
additional mcchanism of high~-cnergy transfcr, namely to the production
and re-absorption of pions iﬁ the nuclei5 . In the cnergy interval
above 1 GeV the increasec of the fraction of high-encrgy transfers is
reldtively weaker. Also the fragmentation cross-scction changes little

in this cnergy rcgion. The cencrgy transfers to the nuclei arc
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characterized by the total number of chorged particles crecated

in the disintegrations and with the increasc of the proton cnergy

EP the number of cascade particles in the total ndp~numbcr incrcascs.
Thus the increcase of the fragmentoticon cross—section with the
incrcasc of the cnecrgy Ep can again be attributecd to the degreoc of

the devclopment of the intranuclcar cascade in the nuclcus.

The dependence of the fragmentation cross-scction on the
mass number of the target nuclcus is an essential foature of the
fragmentation. This dependence hos no* ot rresent been sufficiently
investigated. Up until now the mecasurcments of the cross-sections
for the cmission of frasments with Z 2 4 and cncrgy B 2 2 MoV per
nucleon have been done for the C,N,0 nuclei in emulsidh, for Bi and U
in loaded cmulsions, and for C,Al,Cd and Pb in the cxperiments with

. 0] 0 o 2 10-13
thin foils in cmulsions *’ ).

The measurcments at Ep = 660 HcV have shown that the
fragmentation cross-scetion increcases with the mass number of the
target nuclei roughly proportional to the gecometrical cross=-section
of the nuclei: +the cross-sections for C,Ag,Br,Bi and U are equal to
1,4,10,25 and 22 mb respectively [errors about 3@%]4)°

However, this relation is probably accidental as it was shown

that the fragmentation cross-section of 1liglt nnclei changes only little

2 2)
4,2

with energy whereas the cross=section for heavy nuclei incrcases

strongly in the energy intervel ~ 1 CeV,.

ITI. UNATURE OF FRAGMENTS

The mass and charge distribution of fragments emitted in nuclear
disintegrations has not at prosent been thoroughly investigated. By means
of emuisidn we have investigated the charge distribution of fragments
for diéintegrations of silver and bromine nuclei at the proton energics
100, 660,>930 and 9,000 MOV1’3’6~8). The main conclusion is the lack of

any marked dependence of the form of the charge distribution on the proton
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energy. Figure 4 shows the charge distribution of fragments at

EP =9 GeV14), Analogous charge distributions arc observed at

other proton energies. The majority of fragments observed in
disintegrations are the stable isotopes of light nuclei. An
investigation of the @ radioactivity of fragments with Z 2 4 in
electron-sensitive emulsion has shown that 90% or more of fragments

are stable against the f decay with T, £ five hours. This is
supported by the data on the relative yield of the Li® and B® among

the fragments with 2 = 3 and 5. The ratio of the cross-sections for
1i® to Li®»7 is 0.012 for E, = 930 lieV and for B to B’°’“:5’; is ¥ 0.025
for Ep = 9 GeV. Analogous relative cross-sections are found ’ by
comparison of the data on the cmission of fragments with charge numbers
L, 6 and 9 with the cross-sections for Be’, C'', F'® obtained in

investigations using radiochemical methods.

In the analysis of the nature of fragments some conclusions
were rcached concerning the excitation state of the emitted fragments
and concerning the most probable n/p ratio in the emitted fragments.
The presencc among the fragments of the rather unlikely (for a given Z)
isotopes of light nuclei with a sole state stable against the emission of
nucleons (such as Li®, Li® and B®) show that the conditions of fragment
emission are of such a kind that fragments do not get high excitations
and can be emitted in ground states. The analysis of events of the
emission of Be® fragments decaying into two o particles also indicates
the strong likelihood of emission in the ground state. A comparison of
the cross-section of the Be®’ emission in the ground state with the cross-
sections for the Li® and B® emission has indicated a more frequent emission
of the Be® isobar in spite of the fact that the total cross-section for
fragments with Z = 4 is smaller than that for Z = 3 3).

Considering these observations one could conclude that the high
probability of the emission of fragments in low excited states and the
preference for some definite ratios (near unity) in the fragments emitted
are characteristic for the fragmentation process. However, it is clear

that problems of this kind require a further experimental investigation.
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As already mentioned no marked dependence in the charge
distribution on the incident proton energy has been found. This is
somewhat surprising as we know that many essential features of the
fragmentation process (cross-section, multiplicity, angular distribution)
depend on the energy of incident particles, In connection with this
the investigation of the charge distribution of fragments was done for
the disintegrations at the same incident proton energy but for the

Tollowing different conditions of the emission of fragments:

i) for large and small energy transfers to the target nuclei;
ii) for different emission angles of fragments;

iii) for different numbers of fragments emitted in one disintegration.

The investigation, done at Ep = 9 GeV, has shown t?i? in all cases
the charge distributions were practically the same .

Investigation of the fragment emission in the disintegrations
of the Bi and U nuclei at Ep = 660 MeV1O-121 lead to the conclusion
that even for such heavy nuclei the charge distribution of fragments
probably does not differ markedly to that obéerved for Ag and Br nuclei.
The small statistics of the obscrvations did not permit the determination
of the charge distribution of the fragment emission from Bi and U nuclei;
one can only say that the average charge numbsr for fragments with
Z 24 is 5 and 6 for Bi and U respectively. The data obtained are too

scanty, however, to reach a definite conclusion.

IV. ANGULAR AND ENERGY DISTRIBUTION OF FRAGMENTS

The angular distribution of fragments investigated in the energy

1,3=8) is

interval of the incident protons from 100 MeV to 9 GeV
characterized by a marked anisotropy in the laboratory system with

* respect 4o the direction of flight of the incident protons. Figures 5 and 6
show the angular distributions of fragments with Z 2 4 at Ep = 660 MeV and
9 GeV and the dependence of the forward vo backward ratio F/B on the oroton

energy. One sces that the anisotropy of the angular distribution decreases
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strongly with the increase of the energy of the incident protons.

It is also found that the anisotropy of the angular distribution is
greater for faster fragments, the relative number of them increasing
with the increase of the incident proton energy. However, the
anisotropy of the fast fragments probably also decreases with the
increase of incident proton energy. This could explain the dependence
of the F/B ratio on the incident proton energy as seen in Fig., 6. This
follows from the results of measurcments of angles of long range
fragments: the F/B ratio at B = 660 MeV for fragments with range R > 80 um
is 5.6 vhereas at Ep = 9 GeV for fragments with R > 100 um it is 3.6.
It is necessary to note that no significant dependence of the angular
distribution of fragments on the magnitude of the energy transfer to

the nucleil has been found for a given Ep3 .

An interesting problem is the dependence of the angular
distribution of fragments on the mass number of the target nucleus.
The available data on the emission of fragments from Bi and U nuclei
at Ep = 660 MeV show that the anisotropy of the angular distribution
increases when passing from Ag and Br nuclei to the heavy nuclei
(F/B ratio being ¥ 3 and = 5 respectively). It is possible that in
this case the same effect is operating which leads to the increase of
the anisotropy of the angular distribution in the case of Ag and Br

nuclei when the incident proton energy is decreasing.

A more marked increase of the anisotropy of the angular
distribution of fragments is szen in the case of light nuclei. The
Forward to backward ratio for fragments with 2 2 L4 and range R > 20 um
in the disintegrations of carbon nuclei at EP = 660 MeV is R 15 13,

An investigation of the encrgy distribution of fragments emitted in the
disintegrations of nuclel like Ag with different Z numbers and at
different Ep-values, shows that the most probable value of the cnergy

of fragments is near to the nominal value of the Coulomb barrier. A
specific feature of the distributions is their broadness and a long tail
in the energy part much higher than the cnergies of the Coulomb repulsion,

the tail being present also in the part of the fragments emitted in the

5683/NP/sng



- 138 -

backward hemispheres), It is interesting that among the fragments

with E >> ECoul, in Ag and Br disintegraticns gt EP = 660 MeV cvents
have been observed with momentum comparable or even exceeding that of
the primary protons po = 1,290 MeV/c. Their relative frequency with
respect to all fragments with Z 2 L4 is abont 1%15)“ On the low-energy
part, the energy spectrun contains a consicterable fraction of fragments
with energies smaller than the nominal values of *he Coulomb barrier.
For large variation of the incident proton energy, the most probable
value of the energy of fragments hardly changes. A change in the
spectrum is mainly due to the increase of the relative fraction of

the fragments with E >> ECoulca)° Figure 7 shows the range distributions
of fragments for different enerszy valves ol ‘noilcab protons. Taking
into account that the charge spectra are conserved for this Ep-interval,
one can see well the above-described features of the energy distribution

of fragments.

An investigation of fragment emission from Bi and U nuclei has
shown that the relative fraction of "sub=-barrier" fragments is greater

as compared with Ag and Br disintegrations12).

V. MULTIPLICITY OF rRAGMENTATTION

An interesting feature of the fragmentation process is the
emission of two or more fregments from a single disintegration. The
existence of this phenomenon leads by itself direcily to the conclusion
that the conditions necessary for fragment emission can often be realized
in the development of a process of interactlon of an incident particle
with a nucleus. An investigation of the specific features of disintegrations
of this kind and an analysis of the relative correlations of charges,
energies and emission angles in the multiple fragment emission, give
additional information on the mechanisr cf firngment emission.

The multipliciﬁy of fragment emission was investigated in the
energy interval of incident protons ranging frem 660 to 9,000 MeV1’3’5’8’16’17)°
The excitation function of the Ag and Br disintegrations, accompanied by the

emission of two or more fragments, in shown in Fig. 8. It has an analogous
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dependence on the incident proton energy as in the case of single
fragment emission. The cross-section for the emission of two or more
fragments is about 4% of the total fragmentation cross=-section at

Ep = 660 VeV and about 16% at Ep = 9,000 eV,

Figure 9 shows the frequency distribution of multiplicities
of fragment emission at Ep = 660 eV and Ep = 9 GeV. One sees the
steep decrease of the cross~-section for an increasing number of

fragments emitted in a single disintegration.

An eanalysis of disintegrations, leading to the emission of
two or more fragments, has shown that the size of the disintegrations
is still more shifted towards a large number of prongs in the stars
as compared with single fragment emission events. Thus they are
related to still higher energy transfers to the target nuclei. The
average ndp-number (excluding fragments) in such disintegrations is
more than twice the corresponding number for usual disintegrations.
An investigation of the charge and encrgy distributions in the
disintegrations with the emission of two or more fragments16) leads
to the result that the distributions are analogous in the case of
single fragment emission. The analysis of the relative probabilities
of different multiplicities of fragment emission (Fig. 9) and of the
relative probabilities of different charges, Z4 and Z., in the events
with two fragment emission (Fig. 10), supports the hypothesis that

fragments arc independently emitted16 .

In an apparent contradiction with this assumption is the
observation of a strong angular correlation of fragments in the two
and threce fragment eventss’8’16’17), Figure 11 shows the observed
distribution of angle between two fragments compared with that obitained
from the assumption of an independent emission. A marked angular
correlation is clearly secen: +the fragments are emitted preferentially
with an angle greater than 120° between them. An analogous correlation
(a preference for large angles) has been found for disintegrations with
three fragments16 . It is interesting that no connection between the
angular correlation of fragments and the magnitude of their charges has

been observed: for different values of the sum of the charges of fragments

the average value of the angle between fragments has the same value.
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The explanation of the angular correlation in multiple
emission of fragments, without rejecting the assumption of the
independent emission, requires definite models to be invoked
related either to the structure of nuclei or to the mechanism of

.0 3 0 . 3 16
formation of fragments in the disintegration ).

VI. FEATURES OF THE FRAGUMENTATION CAUSED BY HIGH~-ENERGY PIONS

An investigation of the fragmentation process in the case
of the incident particles being pions is particularly interesting.as,
contrary to the proton case, a small momentum is transferred to the
target nucleus, fast nucleons being formed in the nucleus as a
result of interactions (scattering and absorption) of pions with
nucleons., This enables us to check some oonsiderationsiarising

in the study of fragmentation.

In the investigations of the fragmentation caused b
. 1)

13-20,31)

80 and 280 HeV positive pions the following features of the

process have been found.

i) The oross-section of the production of fragments with Z 2 k4
in the disintegrations of Ag and Br nuclei is 1.2% 0.5 mb
at Eﬂ = 80 and 1.4* 0,5 mb at Er = 280 MeV.

ii) The energy distributions of fragments are approximately the
same for both wvalues of Ew and are similar to those obtained

in the case of protons.

iii) The angular distribution of fragments is more anisotropic at
B = 280 eV (F/B = 2,8+ 0,6) than at E_ = 80 MeV (F/B = 1.3%0.3).

iv) An angular correlation between the directions of emission of a
fragment and a fast proton (E > 50 MeV) has been observed:
preferential emission occurs for angles of 120° - 180° between the

particles.

v) Similar to the disintegrations induced by protons, the disintegrations
with fragment emission are characterized by higher numbers of prongs

when compared with usual disintegrations.
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The results obtained were interpreted from the point of
view of fragment production exclusively by fast protons generated in
elostic collisions of pions and theilr absorption by nucleon pairs in
the nuclei. The angulor distribution of fragments calculated on that
basis (using the angular distribution of protons in the reaction
rtrd - p+p and the angular distribution of fragments produced in
emulsion nuclei by protons with energy about 200 MeV) shows a good
agreement with the observed distribution for both values of energy
of the 7' mesons (Fig. 12). 1In the case of the higher cnergy of pions,
nucleons from the elastic scattering of pions in the nucleus were also
taken into account. The nucleons have a strong forward collimation,
therefore they contribute largely to the difference of angular

distributions of frogments at E = 280 1leV and Eﬁ = 80 MeV.

VII. CONCLUSIONS

Considering the fragmentation process as a whole, one can see
that many features of the nuclear disintegrations accompanied by the
emission of multicharged particles (angular and energy distributions
of protons and a particles, their relative yield, angular and energy
distributions of residual nuclei) do not contradict the basic assumptions
of the cascade-evaporation mod.el3 . The analysis of the specific features
of the production of fragments with Z 2 4 from the point of view of this
models~7’24)

of fragments at the first stage of an interaction of a fast particle

leads us to the conclusion that the concept of the cmission

with a nucleus (i.e. during the development of the intranuclear cascade)
enables us to give a more complete explanation of the characteristic

features of fragmentation known from experiment.

A comparison of the characteristic features of fragmentation
with that of the production of o particles with energies greater than
30 MeV for disintegrations of Ag and Br nuclel supports this point of view.
As has been shown25"27) the angular and energy distributions of o particles

with energy above 30 MeV can be explained by the process of quasi-elastic
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knock-on of o clusters from the nucleus by the cascade nucleons. It was
also shown that the specific features of the disintegrations with emission
of fast a particles and the angular distribution of a particles are

analogous to that concerning the production of fragments with Z 2 428).

Therefore, retaining the point of view of the cascade
excitation of nuclei, we should consider the mechanism of frogmentation
as some kind of direcct nuclear reaction leading Yo the ejection of
rather large aggregates of nucleons (of the order of ten) with high
energies which are sometimes even higher than the binding energy of the
nucleons constituting the clusters. Independently of the mechanism of
the energy transfer to the nucleon aggregates, it is necessary in this
picture to assume the existence of nuclecon clusters correlated in space

. 29
in the nucleus ).

At present we cannot completely reject a possibility of some
contribution to the production of fragments from the process of
de-excitation of a highly excited nucleus. Although in its present
form the evaporation theory leads to contradiction with experimental
data, if one takes into account, however, the indirect cvaporation
mechanism (evaporation of single particles accompanied by their association
inside a nucleus), the agreement with experiment can be improved. The
calculations of the indirect cvaporation of the H’ nucled., coxried out in

1al ot 30) s o o y h - . £1h3 ble
our laporatory » 81vVe Trilse TO sOle nope concernling cthRLs problem.

In conclusion, a few words about the cciilzciion ol +tihe processes
of production of fragments and hyperfragments. To us it seems reasonable
not to invoke any specific mechanism of hyperfragment production differing
from that of the ordinary fragments. Conditions for froguent production
do exist for relatively low energies of the incident protons (of the
order of 100 ieV) and with the increase of the proton energy tle mechanisa
of the fragment production probably remains the same; only the relative

contributions of several possible mechanisms change.
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At proton energies high enough for the production of
strange particles, some fraction (a very small one, of the order of
0.5% at Ep =9 GeV) of fragments is emitted with a A° particle,
accidentolly coming into the given aggregate of nucleons. This point
of view is convincingly verified by comparison of the charge, angle
and energy distributions of fragments and hyperfragments.

9 o o
% £ 0
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Dependence of the cross=-section for the production of
fragments with 2 2 4, and of Li® fragments, on the
incident proton energy.

Distributions of the number of charged particles Ny
(without fragments) in the usual disintegrations

Edotted line) and disintegrations with fragment emission
continuous line).

Dependence of the probability of disintegrations with
fragment emission for a given ndp-number on the ndp-number°
Charge distribution of fragments in the disintegrations of
Ag and Br nuclei by 9 GeV protons.

Angular distribution of fragments with Z 2 Lk emitted in
Ag and Br disintegrations by protons at: 0-=100 MeV;
0-660 MeV; 0=-9 GeV,

Dependence of the F/B ratio on the proton energy for
production of fragments with Z 2 4 in Ag and Br nuclei.

Range distribution of fragments with Z 2 4 in emulsions for
different incident proton energies.

Dependence on the incident proton energy of the cross-section
for disintegrations with two and more fragments emitted.

Frequency distribution of multiplicities of fragment
emission in o disintegration.

Dependence of the relative probabilities of the occurrence

of the given pairs of charges, Z4 and Z:, for disintegrations
with two fragment emission. Continuous line corresponds to

the distribution calculated from the assumption of an independent
emission of fragments.

Distribution of space angles between fragments. Continuous
line corresponds to the assumption of the independent
emission.

Angular distributions of fragments with Z 2 4 for the
disintegrations of Ag and Br nuclei by positive pions. The
continuous line corresponds to the calculated distribution.
(See text.)
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PART VI.1

THE STRONG AND WEAK INTERACTTONS OF BOUND A PARTICLES )

R.H. Dalitz,

The Enrico Fermi Institute for Nuclear Studies and
Department of Physics, The University of Chicago,
Chicago, Tllinois.

I. THE NUCLEAR INTERACTIONS OF THE A PARTICLE

1. The s-~wave A-N interaction

The binding of A particles to the s-shell nuclei H?, H?, He’
and He* is due dominantly to thc s-wave A=N interactions VS for the
singlet (S = 0) and triplet (S = 1) configurations. From the spin
determinations for AH3(J = %) and for Aﬁ“ (7 = 0), we know that the
singlet interaction V, is morc attractive than the triplet interaction V.
Our knowledge of their strengths depends on quantitative caloulations on
the structurc of these light hypernuclei, as discussed below., However,
the conclusion that the triplet interaction Vi is attractive depends on
rather qualitative considerations. The mean A-N attraction in AH3 is
given by Y4 (3Vo + Vi), dominated by the singlet intcraction; henoe
calculations on AH3 alonc provide a lower limit on the strength of Vo.
In AHes, on the othor hand, the mean A-N attraction Y4(3Vy +V,) ariscs
dominantly from the triplet interaction; owing to its small weighting,
the singlet interaction cannot provide sufficicnt attraction to account

for the Aﬂés binding and we must conclude that Vy is also attractive.

In order to estimatec the strength of the A-N interaction, we
must make a definitc assumption about its range. We shall assume that
this interaction has the samc intrinsic range (1.5 f) as a Yukawa potential

of range parameter (ZmW)-1. This corresponds to the assumption that the

*) This talk was also given at the 1963 Easter School for Emulsion
Physicists,
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A=N potential afises dominantly from the‘exchange'of pions; charge
symmetry for the A particle (which has isospin I = 0) forbids one pion
exchange, but the two-pion-exchange potential is allowed and is expected
to be strong, in view of our current belief (based on the existence

of a pa/ m=A resonance analogous to the =N resonance, for example) that
the 7ZA coupling has strength comparable with that of the pion-nucleon
coupling. This value for the intrinsic range is quite close to the
values obtained for the Yukawa potentials which are equivalent (in the
sense of having the same zero-energy scattering length ag and effective
range rs) to the meson-theoretic A-N potentials calculated recently by
de Swart and Iddings1)° In fact, in view of the low Binding energies

of the light hypernuclei, it is reasonable to expect that these will not
be greatly sensitive to the details of the potentials Vo, and Vi, but
that they will be determined primarily by the low-energy scattering
parameters, (ao;fo) and (a1,r1), of these potentials. As we shall see,
the detailed calculations which have been made to date (but always with

central potentials) do bear out this expectation.

AH3 is the lightest hypernucleus, with A-d separation energy

BA = 0.21* 0.2 MeV, and is known to be a singlet state, with isospin

I=0and spinJ = %, This npA system is sufficiently simple to allow
quite detailed and accurate variational calculations,beven with hard-core
potentials. For its space wave~function, Downs, Smith and Truongz) have

recently used a ten—paramcter trial function,
b =2, 2, ) er,), W
'wherg f,g both have the general form,
,{{:exp[-a(red)];-éip[—ﬁ(r-d)]:]‘+ x[:exp[-u(r-d)j-exp[-v(r—d)]:}}- (2)
This calculation used a A-N pqtential of the exponential form
VAN(r) = T exp[-3.54(r-a)/(b-2a)], r é a (3)
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outside the hard core radius d. The intrinsic range is given by

b =1.5f, For d = 0.4 £, their result was U = 1144 MeV, which
corresponds to a mean well-depth parameter s = 0.810. The scattering
length which corresponds to this mean A-N potential is a = ~1.82 f.
Calculations were also made for d = 0,2 £ and 0.6 f, leading to
scattering lengths a = =1.75 f and - 2.1 f, respectively. It is also

of interest to compare these results with the value a = =1,55 £ which
was obtained in an earlier calculations) of comparable complexity,

for Yukawa potentials of the same intrinsic range, without hard ocores.
These results illustrate the insensitivity of the low~energy parameters
obtained (for fixed intrinsic range) for the mean potential to the shape
assumed for this potential., e may also compare this result of Downs

et al., with that from their earlier calcula‘tion2 using a four-parameter
trial function of the form (1), with £,z of the form (2) with x = 0,
which gave U = 1202 1leV. The more elaborate trial function led only to
4.8% improvement in the value obtained for ﬁ, so that we may assume their
final value to be rather close (better than 1%) to the true value.

Muller4) has also made calculations on AH3 for exponential
hard=-core potentials, using an eight-parameter trial function of the
form (1). He assumed a potential of greater intrinsic range, of the
form U exp[ - 2.38(r-d)] outside hard-core radius d, and obtained
U = 228.2 MeV. The corresponding calculation of Downs et al.z), for
potential shape U expl - 2.36(r-d)], gave U = 226.1 leV, so that their
results are in good agreement. The scattering length for this potential
isa = =2,7 £; we note that the scattering length obtained does

increase with the potential range assumed, as is reasonable.

For AHES, it is a reasonable assumption to neglect the
distortion of the He* core by the presence of the A particle, in view
of the tight binding of He®. Since the form of He” is known from
electron-scattering experiments, the strength of the mean A-N potential
in Aﬁes may be deduced directly, for an assumed A-N potential shape
without hard core. This calculation was done quite early5 for A-N
potentials of Gaussian form, and was combined with the results of

calculations for jH? to give the results shown in the first column
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of Table 1. For later reference, we quote here the volume integrals
of the singlet and triplet potentials obtained by this way:
vo = 386 ileV f3, V1 = 170 MeV £, The errors guoted in the Table are
- those derived from the uncertainties in the BA values and in the radius
of He’.

With hard-core potential shapes, calculations have been made
for AHe5 and AH4 (with charge symmetry, AHe4 is the mirror hypernucleus
to AH“, with the same structure and the same 3A value, as is consistent
with the data) by Dietrich et aloé) and by Gutsch7), using a method
proposed by lMang and Wilda) for light nuclei. This method takes into
account accurately the two-body correlations in these light nuclei,
rather in the spirit of the Brueckner method as developed for the
discussion of nuclear matter, although the detailed justification of the

“method for these light nuclei depends on quite different physical factors
(essentially on the large spacing of the one-particle states for the
oscillator potential determined self-consistently) than does its
justification (the Pauli principle and the high Fermi momentum) for the
problem of nuclear matter. To date, these calculations have used square-
well potentials of width (b-2d) outside hard-core radius d; +the results
available for d = 0.2 £ and d = 0.4 £, with intrinsic range b = 4.484 F,
are given in Table 1., It is of interest to note the insensitivity of the
conclusion to the hard-core radius assumed; for orientation, we remark
that, for d = 0, the increase from ap = 2.4 £ t0 ap = 4.2 £ requires an
increase by only 10% in the potential strength of V,. For d = 0.4 £, the
scattering length a, corresponds to a well-depth parameter s = 0.8 for
the 'S, potential, so that there is no reason to expect a bound state for

the A-N system.

Dietrich et al.é) and Gutsch7) have also made calculations for
AH3, using the same method. For d = 0.4 f, Gutsch finds that the observed
BA requires a mean well-depth Vs = 170 MeV for the outer square-well
potential; the value Y4(3Vo+ Vi) given by the potentials Vo, and Vi obtained
He® is 168.0 MeV. The scattering length

A
corresponding to this value Vs is a = 2.5 £. This is appreciably larger

from the discussion of AH4 and

than the value (2.0 f£) found from the variational calculations mentioned
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above, and corresponds to a well-depth parameter about 12% too large;
this is probably due to the fact that the Mang-Wild method is 1ea$t
accurate for small binding energies, as it does not give a correct
account of the asymptdtic region (which is of particuler importance
for small B,). ' ‘
calculations for the s-shell hypernuclei are rather satisfactory, in

However, the internal comparisions betwcen all of these

view of their approximate nature and the range of potential forms which

have been used.

Finally, we consider whether there exists a J = 1 particle-
stable state for the hypernuclei AE4* and AHQ4*. This question is of
great interest in view of its bearing on the interpretation of the
AH4 and AHe4 hypernuclei observed following K -He? capture events,
whether these are produced directly (which would imply that the KA parity
is odd) or Whethér they result from vy decay of such directly—produced
excited states, with direct production of the ground state hypernuclei
being forbidden., T situation is summarized in Table 1. The

(. 31
calculatisins™’ )

for d = 0 (corrected to the He® r.m.s. radius recently
measured by Hofstadter and Collard) do indicate the existence of a

bound state with BK= X 1.3 MeV, corresponding to a well-depth parameter

of about 1.25 for the J = 1 configuration. The more recent caloulations6’7)
carried out for hard-core potentials do nct allow the existence of a

J =1 bound state. The attraction predicted for the J = 1 configuration
actually decreases with increasing hard-core radius, the well-depth
pafameter of the A=~ He® attraction being only 0.83% in this state for

d = 0.4 F. Further calculationé along these lines for outer potential
shapes more realistic than the square well, and which can be compared
directly with the more accurate variational calculafions on the AH? system,

would be rather desirable at this point.

The interpretation of these potentials Vo and Vi, together with
the data available on the ratio R = (2°n)/(An) for £ p capture from rest,
has been extensively discussed in terms of the pion~hyperon interactions
LX7m and IAm by de Swart and Iddings1). Their calculations are based on a
two~-channel approach, in which the AN and LN channels are treated on the
same footing in view of the relatively small mass difference (mz-mA) = 80 MeV.

We confine our attention here to their esscntial conclusions for the case of
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even XA parity., The 'S, potential deponds primarily on the coupling

fZA and its strength requires that fZA be comparable in magnitude with
The *S1 potential strength and the ratio
and an adequate fit to all three data

the pion-nucleon coupling fNN°

R both depend quite strongly on fZZ
requires fZZ X 0,1, taking the hard-core radius to be d = 0.5 f, as

required for the corresponding NN potentials.

For small fEZ’ the coupling between the AN and ZIN channels is

not of major importance in the 'S, state, and the dominant interaction

is the two=-pilon exchange potential in the AN channel, which depends only
on the IAm coupling. In the ?Sy state, the one-pion exchange potential
linking AN and ZN channels is very strong and of the tensor form; +there is
a strong fZZ dependence both because of the importance of the ZXw coupling
in the ZN channel and because f

)
V(AN,ZN) which interferes with the strong one-pion exchange term in this

contributes to the fourth-order potential

potential. However, the low-energy AN scattering wave-function does not
have a large D-state, so that the tensor component of the effective AN
potential is expected to be of relatively minor importance, in contrast

with the situation for the NN system,

2+ The s=wave A-A interaction

)

of a double A hypernucleus, for which the most probable interpretation

Very recently Danysz et al.”’ nave reported the first example

is AABe’°, with separation energy B, = 17.5% 0.5 eV relative +to
A+A+Be®(g.s.). Since By = 6.5% 0,15 leV 2Be’, By, exceeds ZBA(Beg) by
4.5% 0.6 MeV, so that we conclude that the A-A interaction is attractive.

* Since both particles are in the ground s~orbit relative to the nuclear core,
the Pauli principle requires that their spins be coupled in the singlet
configuration, so that BAA is determined predominantly by the 'Se A=A
potential,

An estimate of the A=A potential strength may be obtained using

. . 10
a simple product wave-function R

¢ = o(lzs ~R|) o(lzz-R|) (wiva-viu2) A2, ()
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where R denotes the c.m. position of the Be® core., If EA(¢) denotes
the separation energy of AB89 [relative to A+ Be®(g.s.)] calculated

for the wave-function ¢, then

-B), 2 —ZEA(cp)+<VAA>. (5)

We teke the potential V,, %o be of Gaussian form -GM(A/W)%X exp( = \r?),
with N = 2,0604/b® and intrinsic range b = 1.5 f corresponding to the
process of two-pion exchange. If ¢ is taken to be the wave-function for
ABe9, then =<V, > can be identified with (BM— ZBA) = L.5% 0.6 MeV,
which leads to a first estimate 520* 70 MeV f? for the volume integral
;AA of the 'S, A-A potential. However, this estimate is considerably
too large, since, owing to the additional binding energy, the wave-function
¢ appropriate to AABe1° will actually fall off much more rapidly with r
than ¢ for ABeg. To al}ow for this, we vary the form of ¢, using the
inequality (5) as a variational principle for ;AA° The form

¢(r) = N [exp(-ar®)+y exp(=-cr®)] (6)

provides a good fit to the ,Be® wave-function for a = 0,25 £,

¢ = 0,07 £ 2 and y = 0.33, the A-Be® potential being represented by

a shell-model form with strength adjusted to fit the observed BA value.
The effect of interest is roughly represented by decreasing y; the

minimum occurs for y = 0.15, leading to the improved estimate,

vy, = bLOE 60 MeV £7, (7)

Purther improvements to this estimate are still necessary, with improved
wave-functions which take into account:

i) the possibility of strong spatial correlations between the two

A particles;

ii) the distortion of the nuclear core by the presence of two strongly

bound A particles.

The inclusion of these effects may be expected to lower our estimate for

;AA further, but certainly not by more than the error quoted in Eq. (7).

5666/NP/smg



- 154 -

‘ As pointed out by Danysz et al.g), there is possibly an
alternative intefpretation for this event as A_ABe“ with separation
energy 19.0% 0.6 MeV relative to A+A+Be®, For ,Be’®, B = 7.9% 0.k MeV,
but only the spin-average A =-Be® interaction is effective in AABe“ s
since the A spins are in the singlet configuration. Using intermediate
coupling wave-functions for Be®, the spin dependent term in BA is 0.32<45,
where <A> is an appropriate expecctation value of the spin-dependent part
of the A-N interaction which has the value 1.8%* 0.4 MeV for neighbouring
hypernuclei, as discussed in Section III. Hence the quantity (BM-2]§A)
has the value [19.0=2(7.9~0.6)] = 4.4%1.0 McV, quite comparable with
the valuc used above for AABe’_o, so that our estimate (7) of ;AA would
not be appreciably modified if* the alternative in‘terprc'tationi AABe11
were adopted. . ‘

As for the A-N potential, the long-range part of the A=A
potential arises from two pion exchange. For even IA parity, the 'S,
A=A intcraction arises dominantly from the two-pion exchange potential
in the AA channel, since the potential coupling the AA and I channels
is relatively weak. The reason for this is cssentially the same as for

the A=N casc, namely:

a) for pscudoscalar mesons, the one-pion exchange potential is

known to be quite weak;

b) the two-pion contribution to V(AA=~23) is necessarily proportional

to f;z , which appears to be a relatively small coupling parameter.

The structurc of the two-pion contribution to V(AA,AA) is the samc as

that for V(AN,AN), except for the additional factor ng/f\?No Hence, if
I

the. samec hard-corc radius is assumed for the A~A and A ~N interactions,

the comparison of the values v,, = 440 MeV £ indicates that £

AA sa ~ i

quite closely.
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3. Binding energies for the p-shell hypernuclei

On the basis of a shell-model regresentation for the core
nuclei, Lawson and Rotenberg11) and Twao' °/ have proposed the following

expression:

By = C+Np <V <b> (8)

for the binding energies of hypernuclei with nuclear cores belonging

to the 1lp shell. 1In this expression Np denotes the number of p=-shell
nucleons, and <V>, <A> denote the expectation values of Y, (3Vi + Vo) and

(Vo = Vy) respectively between the A-particle wave-function and the
wave~function of a p-shell nucleon. The coefficient G depends on the
spin of the hypernuclear state and on the details of the structure of

the core nucleus; values of O have been calculated by Dalitz and Soper’s)
using intermediate coupling wave-functions for the core nuclel and
including the admixture of excited nuclear states where these are of

significance. Generally speaking, the values of aN"are close to those

for L-S coupling at the beginning of the p-shell, for A < 9, and close
to those for j-j coupling for A > 9. For j-j coupling, the value of

%«z"i[] _£%%%%%%2;][}MJ+1)-JN@N+1)-3{}o (9)

We note here that the result established empirically for

o is
N

3
I
I(JN-yé)l is not expected to be a general rule. For example, C'? belongs
to the pi/ shell, so that § = Yo, £ =1, Iy = Y., and the coefficient a

has the values + Y42 for J =1, = %, for J = 0. Hence spin J =1 is

H and.ALiB14)tmatthe ground-state hypernuclear spin value is

N

expected to hold for the ground state of AC14 and-AN'43 contrary to the
above rule. With J = 1, the two-body decays AC14 > 7 +N"“(J = 1+) and
AN'4 > 7 +0'%(J = 0+) are both allowed through the dominant s-interaction.
However, if J = 0 held for the (,C'*, AN’4) doublet, the two-body decay
AN14 > 7 +0'® would be forbidden for the s-interaction, although still

allowed through the p~interaction (about 10 times weaker). Since 0'“ has
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no known particle-stable excited states, this means that there can be
no confusion from (7~ + 0'**) modes, and the two-body decay of AN'4‘
would be quite rare; for J = 0, the two-body decay AC14 -7 +N'" is
allowed through the s=-interaction.

The derivation of expression (8) is based essentially on a
variational estimate for BA’ in ywhich the same trial function is used
to describe the A-nucleus relative motion for all the p-shell hyper-
nuclei. The wave-functions directly calculated do not deviate far
from such a mean wave-function, for as the BA value increases and the
tail of the wave-function falls off more rapidly, so also does the
radius of the A-nucleus potential increase, paftly compensating this
effect. The constant term C then results from the kinetic energy terms

and the interaction of the A particle with the s-shell nucleons.

For hypernuclei whose core nuclel are spinless, expression (8)
gives a linear relatiop between BA and N_. For the systems
AHes(BA = 3,1%0,05 MeV), ABe7 (BA = 4.9% 0.5 MeV), ABe9(BA = 6.,5’: 0.15 MeV)
and ACf3 = 10,6 % 0,4 MeV), this linear relation is well satisfied, with
C =3.1%20.05 1ieV and <V> = 0,90% 0,04 1icV. This value of <V> is in good
agreement with the value directly caleulated'~/ £2-1 the s-wave A-N

potentials (without hard core) discussed in Section I.

The spin-dependent term <A> can be estimated in four reliable
ALi7 (B) = 5.52% 0.45 MeV), ALi® and ABes(EA = 6,50% 0,25 lieV),
2L1° (BA = 8.0%0,3 HeV), and AB12(BA = 10.5% 0,2 MeV). The comparison

with the expression (8) is given in Table 2. In the ABe7--ALi7 comparison,

cases, from

it is clear that AB, = <A> cannot excced 0.9(* 0.,1) MeV, otherwise ABe7

- would not be particle-stable. The value expected for <A> on the basis of

56/NP/smg

our knowledge of the A-N s-wave potentials is about 0,85 eV, not
incompatible with this value for A = 7, especially when the mcan wave-
function assumed in (8) is replaced by the more diffuse wave-function
appropriate to the low B, values for these systems.. On the other hand,

A

the large difference ABA = 1.5 lleV between ABeg and ALi9 requires a

correspendingly large value for <A>, not really consistent with this

estimate for <A>. 1Indeed, the values of <A> given in Table 2 show a
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steady increase as NP increases through the p=-shell, roughly in
proportion with Np. The reason for this behaviour of the BA values
is not yet known. Possibly it reflects the inadequacies of the
approxinations made in the derivation of the expression (8), or
perhaps it reflects properties of the A-N forces (for example, the
effect of a spin-orbit term) which have not yet been taken into

account here.

At this point, accurate and reliable BA values for further
hypernuclear species in this p-shell region would be of great interest,
to explore further the dependence of BA on the spin and structure of the
core nucleus., In order for such events to represent a useful addition
to the present data, it is essential that they allow a unique and
reliable identification of the species, either from analysis of its

production process or from its decay process, or both.

II. THE DECAY INTERACTIONS OF THE A PARTICLE

1. The mesic decay processes

It is well known that, owing to the low momentum (100 MeV/o)
of the proton resulting from A decay at rest, the rate of 7T decay
of a A particle in nuclear matter is generally reduced as a result of
the Pauli principle, since a large fraction of the final states which
can be reached by the final proton are already occupied. This effect
is already quite large in AHEB’ where the decay rate is reduced by
a factor of about 0.37; in AC’z, the calculated reduction factor is
about 0,14,

It is perhaps less well known that in the lightest hypernuclei,
the effect of the Pauli principle can lead to an enhancement of the
decay rate in suitable circumstances, namely if the spin cénfiguration
and the decay interaction are such that the final proton is necessarily
emitted into a final state which satisfies the symmetry requirements of

the Pauli principle. Tor example, in AHﬁ > 7+ He? decay with J = 0 for

5666/NP/smg



- 158 -

AH*, the s-interaction for A decay is spin-independent, so that the
final proton is necessarily s-wave and in the spin configuration
appropriate to He*, and the decay rate for this transition is enhanced
by almost a factor 2 (the space wave-functions do not overlap precisely)
as a result of the antisymmetrization appropriate for a final state

with two protons.

These same effects hold also for the m° decay modes, of course.
Thus, with J = 0 for AHQ“, the rate for m° decay through the s, inter-
action is enhanced, whereas the rate for 7° decay through the po inter-
action is strongly suppressed; the rate for T decay of AHe4 is also
strongly suppressed, by a factor about 0,35, since there are already
two s-wave protons present in the initial state. Hence the 7°/m ratio
in AHe4 decay is strongly sensitive to the po/so ratio in A - n+ 7°% decay.
For free A decay, the 7°/n ratio is very close to 0.5; for AHe4 decay
Block et al.16) have observed the w°/%- ratio to be 2.0+ 0.3. From
this striking result, Block et al. have been able to deduce that the 7°
mode of A decay is dominantly through the so-channel, with
ps /(pé + s&) = 0.23*0.16, in agreement with expectation (0.12+ 0,03)
from the AI = Y% rule.

2. The non-mesic de—-excitation of the A particle

For bound A particles, the presence of nucleons allows the

weak interactions

A+ p = n+p (10a)
A+n->n+n ' (10b)

to become effective, releasing the full energy difference of about

176 MeV between the A particle and nucleon. This weak interaction can
scarcely be investigated without appeal to studies of A-hypernuclear
decay, and rather little is known of its detailed properties at this

time.,

5666/NP/smg



- 159..

These processes (10) represent the only strangeness-changing
weak interaction which is readily accessible to observation and which
involves four strongly-interacting fermions* . With our present views
on the nature. of weak interactions, it is natural to expect the existence
of a primary four-fermion interaction (10a), The validity of the AI = ¥
rule for strangeness-changing weak interactions then requires also the
existence of a primary interaction of the form (10b), although there is
no direct evidence for a neutral weak interaction current (in fact, there
is very strong evidence against neutral leptonic currents of strength
comparable with the charged currents for leptons). In this view, it is
natural to regard the A -~ N+ 7 decay interactions as secondary in
character since they can occur as a consequence of these four-fermion
interactions; +this connection is illustrated explicitly in Fig. 1, which
depicts one sequence of processes by which the interaction (102) can give
rise to A -~ p+m decay. Since this four-fermion interaction involves
four strongly-interacting particles, mesonic corrections may be expected
to distort the form of the interaction quitc strongly from the (V-A) form
which the current-current theory would predict. This is illustrated in
Fig. 2, which shows a series of processes contributing to the physically-
observed interaction (10a). The terms (a) and (b) show the primary
interactions (10a) derived from the charged and neutral currents, in
turn, the vertices shown being distorted from their primary forms by the
usual vertex corrcctions. The remaining graphs (c¢) - (f) show corrections
which involve the exchange of various mesonic systems between the
strangeness-changing and strangeness—conserving currents; the relation
between these graphs and the primary interaction may be seen by analy51ng
each (A » N+ meson) vertex in the manner of Fig. 1. The terms (c) and
(d) are well known, from their discussion by Karplus and Ruderman 24
who recognized the importance of their contribution if the A spln were

~large and used its comparison with the experimental data to argue against

%) The strangeness-conserving weak interaction n+p - n+p is expected to
exist if the current-current hypothesis of Feynman and Gell-Mann
[Phys.Rev. 109, 193 (1958)] holds valid. This weak interaction is
expected to produce parity-~violating effects of very small amplitude
in muclear forces and the properties of nuclear states, some of which
have been quantitatively estimated by Blin-Stoyle and co-workers.
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the possibility of spin 2 % for the A particle. Now that j A= YA

is well established and the A » N+ 7 interaction is known to be
dominantly s-wave, therc is no reason to believe that thesc Karplus-
Ruderman terms contribute dominantly to the observed process A+ N - N+ N;
these terms must be taken together with a large number of other mesonic

correction terms, of which several are given explicitly in Fig. 2.

Rather little is known at present concerning the properties
of this weak interaction:

A+N > N+N. (11)

The simplest propertics of interest are its charge-dependence and its

spin-dependence. For bound A particlcs this interaction will dominantly

occur for AN s~states, in view of the relatively low A-N relative momenta
to be expected in hypernuclei. The final nucleon momentum for AN
de=-excitation at rest is about q = 400 MoV/c, so we shall simplify the
discussion by using the non-relativistic form for the matrix-elements.
For Ap capture from an s-state configuration the gencral form of the

matrix~clement is

- R o~ l . 2 2
M(Ap » np) = apP0+b P +75 cp(o‘Y 9% * 4 /3gY g_Nq ) /M
: .
+ % dp(gY + O‘IT) © g/M+ Gp(gY-gN> . gPo/2M (12)

+

73 £ gy - o) * 9P/

where P, = (3+-gY‘ gN)/L and Py = (1-—2&‘ gN)/L.denote the singlet and
triplet spin projection operators, Ty denotes the A or n spin and EN here
denotes the proton spin. In this expression the terms a_ and ep denote
the 'S, transition amplitudes leading to the 1So and °P, final states,
respectively, and the terms bp,o ,dp and f denote the °3; transition
amplitudes leading to the °Sy,”°D1,’Py and 'Py final states. For An
capture the corresponding form is

M(An - nn) = a P+ J—% dn(gY+9_‘N) © g/M+ en(gY—gN) * gP_/2u (13)
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where Sy here denotes the spin of the A particle and either of the

final necutrons and QN denotes the spin of the other ncutron. Terms
of the form b, ¢ and f are absent here, as they lead to final states
which are forbidden for the n-n system. If the AT = Y rule holds
then we have in addition the following cqualitics:

a = V2 2y d = V?bdp, e, = V?ﬂop. (14)

We note that the transitions a, b and ¢ conserve parity, whereas the
trensitions d, ¢ and f reverse the parity of the state. If time-
rcversdl invariance holds then the phases of cach of these amplitudes

may be determined from the known NN scattering phases by the usc of
Watson's theorem, Obviously the determination of all these parameters,
and the test of thecqualities (14), will require polarization experiments
involving the measurcment of the longitudinal polarization of the fast

n and p emitted from unpolarized hypernuclei (or the angular distribution
of the fast nuclcons from non-mesic decay of polarized hypernuclei), and
of the polarization corrclation coefficients for the fast (np) and (nn)
pairs cmitted in non-mesic decay of hypernuclei., These polarization
cocfficicnts could also be measured for initial AN statcs of definite
spin by selecting the appropriate light hypernuclei (cf. below). Such
expcriments will be difficult to carry out and to interpret and lic far

in the future.

In principle, for the calculation of non-mesic decay rates for
hypernuclei, matrix-clements of the forms (12) and (13) should be used
for each of the nuclcons and evaluated between the initial hypernuclear
wave=function and the final nuclcar states., Herc, we shall consider
instead a simplified calculation for the non-mcsic decay rates which
trcats the A de=-cxeitation by different nuclcons as incoherent, This
approxination is not strictly valid, because, owing to the identity of
the neutrons and of the protons, the samc final state can generally be
reachéd through capture on any onc of the nucleons; however, beccause of
the large énergy rclease, it is rather likecly that these interfercnce
cffects Wiii generally be small and’wili tcnd‘to cancel out in the total

de-cxcitation rates, summed over all final states.
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Let us denote by RNS the AN - NN transition rate,when the
AN system is in an s-state of total spin S, for unit density of nucleons
of type N at the A position. The non-mesic decay rate for a given
hypernucleus is then given by the expression |

_ = A+
Rn.m. - R(AZ ) Ppe

= ﬁ(AzA“) A/s}fjf py(E)dsr, (15)

where Pa is the mcan density of nuclcons at the A positibn, pN(E) being
the nucleon density at position r and $A the wave=function for the

A nucleus relative motion and R is the spin and charge average of the
RNS which is appropricte to the hypernucleus consideréd. In terms of

the amplitudes (12) and (13), these quantities Ryg ore given by

R, = lelf+le l?(a)?, - (162)

R, = 1o %+ Lo 12 (a/m)* + la 1 (a/iD)? + |2 ] *(a/i0)? (16p)
oo = Ulenl *+ lenl (20°1, (16¢c)

Rot = |dnl *(a/10)* . - (183)

In the last expressions RnS’ we have taken into account the symmetry
requirements of the final state and the identity of the two final neutrons.
If the AI = Y. rule holds, the equalitics (14) lead to the predictions

R Y2 Rno ’ o » , (17=2)

po

R

p1 Ve Rnt - - (170)

v

The quantity most readily measured is the ratio Q = (non—mesic/ﬁ -
. . . 25
mesic). Here, we shall not include 7°- mesonic decay events among the
non-mesic decay rate, for the w°-mesonic events normally give an

eXCeedingly small star with a visible energy releasc of at most several
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MeV and would very frequently be overlooked, whereas the non-mesic
decay events involve a large energy release. For AHB hypernuclei

in emulsion, estimates of this ratio have been reported as follows:
Q = 2.3+1,0 by Fry”), 1,5(+ 0.4) £Q £ 2.8 by Silverstein'®) and
Q21.1%0.5 by Schlein'® , whose non-mesic decay rate includes only
two-prong events, For AHe", Block et al.’é) have obtained a rather
accurate value, Q = 0,52+ 0,10. About 80% of the m decays of pHe
in emulsion are due to AHe5 decay; adopting the value Q = 1.5 for
AHQ, the correction for admixture of ,He® non-mesic decay events leads
to the estimate Q = 1.8 for A

to estimate Q for some of the heavier hypernuclei., This involves an

A
He®. On this basis, it is then possible

estimate of Rn o from Eq. (15), using the value ps = 0.038 £7° for

He® and corresponding calculated values N for the hypernuclei of

A
interest, together with an estimate of the 7 decay rate R(n ) using
the completeness-relation methodao). For example, for AHes, the

calculated value of R(7w ) is 0.25 T, where 1/I‘A denotes the free A
lifetime, so that our estimate of Q and the above value for p, lead
to the estimate
R(,HBe®) = % (3R, +R__ +3Rn+R
(yBe®) = % (3R +R+3Rn+Rno) (18)
= (1.8) (0.25) r,/(0.038) = 12(* 3) T, ,

where the error quoted represents only the statistical uncertainty on

Q. With this value for ﬁ, estimates have been made for Q for ALi7
(neglecting the spin-dependence of RNS)’ ABe9 and‘AC’3, as given in

Table 3, The rapid rise in Q with increasing A is due primarily to the
rapidly increasing suppression of the T decay process by the Pauli
principle. However, the non-mesic decay rate does increase from 0.45 PA for
pHe®, through 1.5 T, for 2C'%, to a value of 2.0 T, for a very heavy
hypernucleus (say A =~ 100). Several independent estimates of R(ﬂ-) we
have made for a hypernucleus of mass number A = 100, including pion
re~absorption effects, lead to values about 0,015 PA’ and therefore to
a large value Q = 130. We conclude that the decay lifetime of a heavy
hypernucleus (A ~ 100) may be expected to be essentially independent of

=10

A, with the value = 1.2x 10 sec,
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The evidence on the charge dependence of the non-mesic process
appears somewhat contradictory at first sight. For AHe",Block et al.’s)
have classified non-mesic decay events with -a recoil proton of momentum
exceeding 250 MeV/c as due to Ap capture, leading to the estimate
(Ap)/(An) = 2,2+ 0.8. Since AHe“ has J = 0, this corresponds to the

ratio

(BRPF{:ORP")/Z = 2.2(% 0.8). (19)

On the other hand, for spallation hyperfragments following high-energy

K~ interactions in emulsion, for ﬁhich typilcally A = 70, Beniston®'’/ and
Iagnauxzﬁ have compared thé observed proton spedtrum with those predicted
by a Nonte Carlo calculation for (Ap) and (An) capture processes, and have
concluded that, in these heavy hypernuclei, the (An) capture process is

the dominant non-mesic decay process. The ratio (An)/[(An)+ (Ap)] obtained
by Beniston was y-= 0,8% 0,1, and by Lagnauxy = 0.65%* 0.1, the difference
betwecen these values being due, at least in part, to the differing
assumptions made ebout the spatial distribution of the A particle. To

continue, we shall adopt the value y = 0.7, so that

3R __.+R

ZPL_po_ (1. 1\~o. (20)
= ot e

RoitR, ¥ . ,

Fréﬁ this ratio and the value of Eq. (19), we can conclude the value
R +E = 69(* 20) T, to be used below. The striking difference
between the (Ap)/(An) ratios observed for AHC4 and for heavy hypernuclei
can be understood quite simply if the (An) de-excitation process has a

strong spin-dependence, with
Rno/Rnl 0.3, (21)

the non=-mesic (An) decay interaction being significantly weaker in the

singlet donfiguration,

The remaining information ‘o be discussed consists of the

non-mesic rates for AHOA and AH4, for which the nucleon density ps is 0,019 £ °,
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TFor AHe“, the calculated suppressionzo) of R(1r~) to 0.26 I’A, and the
above value Q = 0.52%* 0,10, lead to

3Rpl4-RpD+-2Rno = 41(+ 10) T (22)

From Egs. (18), (21) and (22) we conclude that R ; = 21z 7)) T
Rno = 6(x 2) T r, and (3R +Rp ) 28(+ 8) Iye Tor AH“, the 7 decay
rate R(7 ) has been calculated to be 0.74 T, and the non-mesic rate

is given by
0.31(+ 0,06) 2 (0.019) (Rp0+-5Rnl-kRno)/5 2 0.22(% 0,06), (23)

using the above values for (3Rnl+Rno) and the requiremént

0 < R < 28( 8) I'). On this basis, the ratio Q for Aﬁ4 is expected

to 1:|.e bctween 0. 29( 0.08) and O, 42(‘“ 0.08), 1In the experiment of

Block et al. , 120( 1) AH ~ 7 events were scen., From the number

of AHe“ production cvents cnd from chorge independence, it was concluded
. %hat the total number of AH4 production events was 163 * 10. From the

7°/m ratio (2.5%0.5) observed for AHe4 decay, and from the prediction

of the AT = Y, rule that

(24)

we may estimate the number of H4 - 7° events as 12+ 1, The remainder
of the events, amounting to 31 i 15, must be attributed to non-mesic decay
processcs; this leads to the ratio @ = 0,26 0.13, which is not at all

in disagrecment with the value predicted above,

This small fraction of AH4 decay events which proceed through
the non-mesic mode may not bec easy to identify in thce helium bubble chamber
experiment, especially because of the confusion possible with slow %

hyperons following K ~-He* capture which come to rest and interact to give
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a one=-prong star. If we assume [for lack of other knowledge*)] that
the Ap capture interaction is spin independent, i.e. R 0 = Rpl’ then
Rpo has the value 7(* 2) I, and the (Ap)/(An) ratio predicted for AH4
has the value 2Rpo/(33nl4-Rno) = 14(* 2)/69 (£ 20) = 0.2(* 0.06), so

that only six non-mesic AHﬂ decay events are expected to occur with a

fast proton (say 2 250 iieV/c) in the experiment of Block et al.’s).
However, the majority of the (An) capture events are expected to give

a visible prong. Somec indication on this can be obtained from the

7 + He” interaction studies of Bortolani et al.zs), which also proceecds
through two-nucleon emission with a comparable encrgy release (R 140 MeV).
Of 356 m interactions at rest in a helium chamber, only 23 gave no
visible track; since the primary capture interaction T +p+n > n+n is
believed to account for at least 7 of these capture events (the remainder
being due to the 7T—+p+ p » n+p interaction), we may est:‘unate**) that

not more than 9% of the (An) de-cxcitation events for AHA will give no
visible track. Although the separation of the AH4 non-mesic decay events
is o difficult task, a value of the (Ap)/(7m -mesic) ratio for Aff, or even
an upper limit on this would be very valuable in providing a limit on

Rpo, and thereforec a dircct indication of the spin dependence for the

(Ap) de-excitation process.

*) With the AT = Y, rule for the AN - NN process, the value Rpo = 6(* 2) Ty
and Eq. (172) would require Rpo = 3.0(x 1.0 PA), an appreciably
smaller velue than that assumed here. With this value the (Ap)/(An)
ratio for pH* would be 0,08(% 0.04), which would predict only two non-
mesic Aff with a fast proton in this experiment. We may note here that
these spin-dependences for the An and Ap proccsses are quite at variance
with o simple (V-A) form for the AN - NN interaction; in the non-
relativistic limit, the first term (a,) of (5.4) would be dominant, and

the ratio Rpo/kpl would be predicted %o be exceedingly large.

%%) We should emphasize here that the An - nn interaction may have quite
different spin dependence from the 7 pn - nn interaction, in which
case this proportion might well turn out to be learger than this cstimate.
For example, H° production is found to ocour in 22% of 7~ = He* capturc
events; +this appears to be a particular feature of the (7 pn) and
(7"pp) copture amplitudes. There is certainly no reason to cxpect the
(An) and (Ap) capture amplitudes to have a similar spin and charge
dependence, and it is quite unlikely that the mode H” +n will prove to
be as abundant in ,H* non-mesic decay.
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Fig. 1. The Decay A » p+ @ asacon-
sequence of the Four-fermion

Weak Interaction. (5.1a)
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Fig. 3. Contributions to the Process A+ p- n+p.
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PART VI.2

THE NUCLEAR WELL-DEPTH FOR A PARTICLES

B.W. Downs,

University of Colorado, Boulder, Colorado.

I. INTRODUCTION

The binding energy of a A particle in its ground state in

“nuclear matter is a quantity of some interest in the study of the
A-nucleon interaction. This binding energy is equal to the well-depth

D seen by a A particle whose ground state is a state of zero momentum with
respect to the bottom of the well. The well-depth D will, presumably,
also be very nearly the central depth seen by a A particle bound in its
ground state in a heavy nucleus on account of the expectation that the
potential well seen by a A particle in nuclear matter will be only
slightly momentum-dependent"z). This expectation also suggests that

the well-depth D may give a good indication of the central depth of the
~real part of the optical potential for scattering of low-energy A particles

by heavy nuclei,

Several attempts have been made to deduce the well-depth D from

the observed binding energies of the light hypernuclel 5). These have

resulted in estimates in the range
D~ 22=30 MeV. (1)

The lower values in Eq. (1) have been obtained from the trend OS the
2=y
;5 the
J

» The former are

binding energies of the observed hypernuclei with 3 < A £ 12
higher, from an analysis of the binding energy of Asz 5)
suspect because the binding energies of the light hypernuclei are strongly
influenced by the density and spin structure of the nucleon cores, both

of which fluctuate and differ, in most cases, from their values in nuclear
matter, which is taken to be a spin-saturated collection of an equal number
of protons and neutrons with a nucleon density equal to the central density

observed in the heaviest nucleis). The higher estimates, based on AC13,
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would seem to be more reliable because the nucleon core comes very
close to matching the conditions of nuclear matter at itvs centre’ :
even in this case, however, the finite radius of the core and

uncertainties concerning its structure leave the estimated values of D

open to some question.

The well=depth D is determined, in part, by aspects of the
A=-nucleon interaction which play a quantitatively different role in
determining the binding energics of the light hypernuoleiz’s’s) and
it is principally from the analyses of these binding energies that the
phenomenological A-nuclecon interaction potential has been deduced2’5’7’8).
It is the purpose of this paper to discuss those aspects of the A=-nucleon
interaction which play a role in determining D. Iin Section II the
calculations of D by Bodmer and Sampantharz) in terms of two-body and
three-body A-nucleon potentials without hard cores are briefly reviewed,
Calculations of D in terms of two-body A=-nuclecon potentials with hard
cores are discussed in Section III. The final Section IV contains a
summary of the results of these calculations and an indication of the
relation between D and the properties which the optical potential for
scattering of low-energy A=-particles by heavy nuclei might be expected

to have.

II. THE WELL-DEPTH D CORRESPONDING TO A-NUCLEON
POTENTTALS WITHOUT HARD CORES

Bodmer and Sampanihar2> have used A-nucleon potentials without
hard cores to calculate D in perturbation theory, nuclear matter being
treated as a Fermi gas. The first~order contribution to D from central

o o . . 9
two-body direot (non-exchange) A=-nucleon interactions is )

(1)  _
Ddirect = P02, (2)

where p is the density of nuclear matter and Q is the volume integral of

the spin-average A-nuclecon potential. The first-order contribution
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from two-body exchange potentials of Yukawa form

v(r)-; -V R e.r/fR/r (3

exchange

p{1) = p0l3/(R)? - [3/(5R)?] tan™ KR, ()

where the Fermi momentum kF is related to the density of nuclear matter

by
= 2k’ /31% (5)

The exchange contribution (4) is smaller than the direct (2) and
1
reduces to it in the limit (kR) - 0 °), The caloulations of Bodmer
and Sampanthar indicate that the second-order contributions to both
and D are less than or about 10% of the first-order
dlrect exchange
contributions [and have the same sign as D ] for relevant values of

kF and R.

Analysis of the binding energy of AHB5 in terms of two=body
A~nuole3n potentials without hard cores, leads directly to a determination
5,7
of 0°°

unon

h/? g)} ég:;

230+ 10 _{1.5 £ (B
Q= {175+ 5} UeV £3 for b = {0‘85 P ER

The volume integrals (6) thus deduced are nearly shape-independent for
two-body potentials having the same intrinsic range b11 - The range
parameters used to obtain (6) were chosen as being representative of
the two simplest meson-exchange mechanisms which oan give rise to a
charge-indepéndent A=-nucleon interaotion7). There is, of course, no
assurance that either of these range parameters is the cor#eot one;
extensive scattering data, from which the range of the nucleon-nucleon
interaction was. determined, are not available for the A-nucleon system.

If the range parameter (h/éMﬂ) is the correct one, and if the A-nucleon
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interaction arises primarily from the exchange of two pions as éuch

a range would indicate, then that interaction would be primarily a
direct interaction., If, on the other hand, R = (B/MK) and the A-nucleon
interaction arises primarily from the exchange of a single kaon, that
interaction would be primarily an exchange interaction. On this
account, Bodmer and Sampantharz restricted attention to direct

- interactions of range (E/ZMW) and to exchange interactions of range

(h/MK) .

For the values

p = 0,172 nucleons/f’ (72)

- and

1

ky = 1.366 £, ()
)

appropriate to the central density in heavy nuclei® , the calculations
of Bodmer and Sampanthar lead to the values given in Table 1 for the
first-order contributions to D corresponding to the central values of

Q given in (6).

Table 1

First—-order contributions to D in MeV. The total

(1).6 from

1 . .
value D( ) and the con®kributions D
interactions in s- and p-states are given. The

. . 1)%¢ . .
missing values of D( ) correspond to situations

not considered by Bodmer and Sampanthar.

Déii;gt Dé;iect Dé;2£;nge Dé;Zhange
b L =0 £ =1 L =0 =1
1.5 £ | 33 6 4o | - - 26
0.85 f - - 20 { 274 -1.8 25.6
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Theaz values indicate that D _ | is in reasonably good
, exchange
agreement with the empirical estimates (1) for either range considered,
but that agreement with Ddirect

would be expected to correspond to an exchange interaction., Bodmer and

can be obtained only for a range which

Sampanthar hav: pointed out that, on the basis of this ccmparison alone,
it would appesr that exchange interactions of range (EM%K) may play
a significant role in the A-nucleon interaction. It should be noted

that the rangs-depondence of D ipect® which follows dircctly from (6),

may play a role in determininng if the actual range turns out to be
intermediate between (h/ZMW) and (B/MK), The dependence of D(1) on
the density of nuclear matter follows from Eq. (2) exactly for direct
interactions and approximately for exchange interactions of raﬁge as
short as (h/MK)D The relative importance of +the contributions D(1)'c
depends slightly on the density, the p-wave contributions being
relatively larger for greater densities12).

)

data of the light hypernuclel considering the possible presence of

Bodmer and Sampanthar2 have also analysed the binding-energy
three-body A-nucleon interactions, potentials without hard cores being
taken for both two-body and thfep-body interactions. Analyses of the
binding energics of AH? and AHES including attractive three-body
A=-nucleon potentials lead to a reduction of the two-body contributions
to D from those given by Bgs. (2) and (4). Bodmer and Sampanthar have
calculated the values of D which result from these rcduced twé-body
contributions and the additionsl contribution which arises from the
corresponding threé-body potentials. They found that consideration of
three-body potentials can bring D into agreement with the empirical
estimates for a variety of situations. In particular, agrecement can be
obtained for direct two-body interactions of range (B/2M%) and a
relatively strong three-body interaction; this could be a consistent
combination because both interactions presumably arise predominantly

from two-pion-exchause mechanisms.

5683/NP/smg



- 178 -

ITI, THE WELL-DEPTH D CORRESPONDING TO A~NUCLEON
POTENTTIALS WITH HARD CORES

The potentials without hard cores used by Bodmer and
Sampanthar2 to estimate D may not provide an adequate representation
of the A-nucleon interaction. The presence of a hard corec in the
nucleon-nucleon interaction'> suggests that a hard core may also be
characteristic of the A-nuclcon interaction. In particular, the
assumption of the existence of a universal pion-baryon interaction
leads Yo a pion-exchange contribution to the A-nucleon potential which
is a linear combination of nucleon=-nucleon potentials14); in this
case, the hard core in the nucleon-nuclecon interaction implies a
hard core in the A-nucleon intecraction. If the A-nuclcon interaction
does have a hard core, the perturbation technique of Bodmecr and
Sampantharz) cannot be used to calculate D; but many-body techniques
developed for use with hard-core potentials can be used. Typical
of these arc the independent-pailr approximation of Gomes, Walecka and
Wéisskopf15) and the potential-scparation technique of Moszkowski and
Scott16). The former has been applied b Walecka17) to the calculation
of D; +the later, by Moszkowski et a1.18§ to the calculation of the
s-wave contribution to D.

The more transparent of the methods which have been used for the
calculation of D in terms of hard-core potentials is that of Waleoka17).

In this method the relative motion of the A particle and a nucleon in
nuclear matter is described by a self-consistent Bethe-Goldstone equation
in which the particle masses are replaced by appropriate effective masses' 7.

The well-depth D is then given by
H*kF/Mg

D = -y 4D, - (2'4)3 (5/u*)? [ &K fe-iﬁ';[\fc(r)JrVA(r)]gbBG(?)dzr, (8)

0o

where VC is the hard-core part of the A-nuclecon potential (assumed to

be the same for both spin statcs) and VA is the spin-average of the

attractive parts of the singlet and triplet potentials. These two parts
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of the potential give rise to the two contributions DC and DA to the

on a mass indicates an effective mass, and

A
3

depth D, A superscript
p¥ = %gI@f,/G%:4-PQf). In Eq. (8) X is the relative momentum of a
A-nucleon pair, the A particle being at rest; +the maximum momentum
which a nucleon can have is the Fermi momentum kF' The integral
over T in Eq. (8) represents the effect of the interaction of a
A-nucleon pair with relative momentum f; the integral over R is
essentially a summation over the possible relative momenta., The
wave function wBG(;) is the solution to the Bethe-Goldstone equation
for the relative motion with the reduced effective mass u*19 .
Although this function vanishes for r X ¢, the hard-~core radius, the
radial part R®(r) of each partial-wave component of ¢BG(;) has a
discontinuous derivative at r = ¢, which leads to the partial-wave

. R e 20’21)
contributions DC to DC through

Tole) B(x) = 1in 2 [5% @) | s, (9)

€->0

The core contributions Dé essentially take account of the fact that
the core forces the radial functions to zero at the core radius, thereby
increasing the curvature of the functions in the neighbourhood of the
core (over that which they would have in the absence of the interaction),
which corresponds to an increase in the kinetic energy of the interacting
pair.

Only s-wave solutions of the Bethe-Goldstone equation have so
far been obtained15’20). For the case of the interaction between the
nucleons in nuclear matter, Gomes et a1,15) found thet the s-wave solution

with the potential (Vcﬂ-V ) is nearly the same as that with the hard-core

A
interaction Vb alone. An analytic expression for the latter can be
obtained, and this has been used in calculations of interaction energies

15 17
in nuclear matter ). The characteristic features of the s-wave

solution to the Bethe-Goldstone equation are that:
i) it vanishes at the hard-core radius c;

ii) it is very nearly equal to the free-pair (with the reduced mass

p* appropriate to nuclear matter) solution for (r=-c) > 4/kF;
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iii) its amplitude exceeds that of +the free~-pair solution
for (r=-¢) < 24_/1{F (the last property is a necessary

consequence of the first two).

These properties of the s-wave Bethe-Goldstone function have prompted

the use of several simple approximate functions which incorporate

these features' *°2/., The one which will be used for the present
discussion is
R°(r) =~ B[1 -e"z(r”c)/a] Jo (Xr) (10)
with
B =1.08 (112)
and
a = 1/kF¢ (11b)

This function gives a very good representation of Rga(r) for all

values of K which contribute to Eq. (8) and for all values of r which

are important with the short-ranged potentials appropriate to the
A-nucleon interactiongz). If it is further assumed that the same cut-
off factor is appropriate to all partial WaveSZA), then the corresponding
approximation to the full Bethe-~Goldstone function is

¢(;) ~ B“__e--z(r—c)/a]eiﬁ-;c

(12)

The approximate functions (10) and [with somewhat less
oertainty24)] (12) are appropriate for the evaluation of the contribution
D, of the attractive well. With Zgs. (12) and (8), the contribution of

the (central) attractive well is of the form

DA = pQA B(1-x). (13)

where QA is the volume integral of the attractive well, and x contains
the effect of the cut-off term exp[ - 2(r=-c)/a]. The partial-wave

contributions DX to DA can, of course, be obtained from a partial-wave
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expansion of (12). The volume intecgral QA can be expressed in the

form
Q = Q) £(c/v°), (14)

where Qz is the volume integral the attractive well would have if it

were translated to the origin and b° is the intrinsic range of the
translated well. Tor a given b° and a given value of the well-depth
parameterzs), the value of QX

factor £(c/b°), however, is very far from being shape-independent,

is essentially shape-indcpendent; the

being smaller for short-tailed wells such as a square well than it is
for longer=-tailed wells such as an cxponential. In order to investigate
the possible effects of this shape~dependence on the value of DA’I
A=-nucleon potentials with both exponential and square attractive wells
are considered herc, The cut-off term x in Eq. (13) also has a shape-

dependence, which tends to compensate that of f(c/%°>.

If the approximate function (12) is used with Eq. (9) to

obtain the core contribution, one obtains from Eq. (8)

1,_12 28kF0 /
DC = o kF 5 2Bc/a, (15)

the partial-wave contributions D; being obtained in a similar manner,

The parameters (11) were chescn to give the best match of Eg. (10) to
Rgb(r) over the range ¢ S r < 3/kF23). Consequently, Eq. (10) with the
parameters (11) has a smaller slope at r = ¢ than the correcct function
Rﬁb(r). Since the values of Dé depend entirely on the slope of the radial
function at r = ¢ [see Eq. (9)], the value of 2Bc/a used in calculations
of DC should be adjusted to reproduce this slope cxactly. Since an
analytic solution to the Bethe-Goldstone equation can be obtained for

£ = 0 with V(r) = Ve
the appropriatc value of 2Bc/a to be used in Eg, (15). For ¢ = 0.4 F,

and fhe value of kF given in Eq. (7b), this procedure leads to 2Bc/a = 1.4,
in contrast to the value 1.2 which follows from Eq. (11). Since the core

contributions Dé depend so critically on the form of R®(r) in the

R Dg can be obtained from this and used to determine
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neighbourhood of r = ¢, the expression (15) is rclatively less reliable

than cxpression (13) for Dfo On this account, approximate cxpressions
A

> o . o 2 1. 3 3
for Dé’o, obtained by consideration of the actual radial solutions of

the Bethe-Goldstone equation in the neighbourhood of the hard-core

1)

the values of Dg were obtained from the exact solution for V(r) = Vb.
17)

The expression (15) exhibits the qualitative featurcs of DC ; it

2
radius 7, were used to obtain the valucs reported in this section;

has been included primarily for that reason.

The spin-average A-nucleon potentials usced for this discussion

were assumcd to have the following characteristics:
i) & hard core of radius ¢ = 0.4 f or 0.6

ii) a zero=-cnergy scatiering length cqual to that of a potential
without a hard core having an intrinsic range b = 1.5 T,
corresponding to a Yukawa range parameter R = (E/QMW), and the

volume integral Q, = 230 MeV £° given in Eq. (6a) e/,

A
Several values of the intrinsic range b° of the (translated) attractive
8

well were uscd with

b-2c <b° <D, (16)

The minimum valuc of b° given in Eq. (16) is appropriate to a hard-core

. 27 L3 k3
potential which has a bound state at zero encrgy 7, and the maximum is
the largest possible consistent with an interaction which arises from the

. R
two~pilon~exchange mechanism ).

The rcsults of calculations of D for two hard-corc radii and
several intrinsic ranges b° for potentials with cxponential and square
attractive wells are reported below. The velues of Eq. (7) were used
Tfor the density of nuclecar matter and the Fermi momentum. The effective
mass M* of the A particlc was teken to be equal to the real mass MA1’17>;
the effective mass of the nuclecon Mﬁ': 0.735 MN was determined in the
manner described in Ref. 15 with the (Serber mixture) nucleon-nuclcon
interaction used there and the valuc of k. given in Eq. (7b)1). The

F
attractive contributions were cvaluated with the approximate function (12);
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the core contributions, in the manner described at the end of

paragraph contoining Eq. (15).

1. Hard-core radius ¢ = 0.4 £, In this casc

Dy = 55 MoV
1 1
DC = 3 MeV
2 )
DC 0 MeV.
i) Potentials with exponential attractive wells.

Teble 2

Values of D and the partial-wave contributions

p¢ in eV for potentials with exponential

attractive wells and hard-core radius ¢ = 0.4 f.

Dﬂ
b° £ =0 £ =1 { =2 D
0.7 ¢ 26 7 <1 33
1.1 £ 24 15 2 11
1.5 £ 18 22 Ll

ii) Potentials with square attractive wells.

Table 3

Values of D and the partial-wave contributions
DY in MeV for potentials with square attractive

wells and hard-core radius c = 0.4 .

DC
b° 2 =0 2 =1 L =2 D
0.7.F 21 7 <1 27,
1.1 F 21 15 4 36

the

(17a)
(170)

(17¢)
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potentials have rather longer tails than one would expect from
consideration of the two-pion-cxchange mechanism. The exponential
well with ¢ = 0.4 £ and b° = 1.5 £ is the onc previously considered
by Walecka17> and by loszkowski et al.18). The value D° = 18 eV
obtained here for this well is rcemarkably close to the value 16 MeV
obtained by Moszkowski et al.18) by a rather diffcrent method with
~ a slightly larger value of the Fermi momcntum (kF = 1.4 f-1). For
the even larger Fermi momentum (kF = 1.48) used by Walecka'’’/, the
calculations described here lod to D = 52 MeV with D° = 13 HeV,
p! = 31 MeV and D? = 7 MOVZS); A comparison of thesc results with
the corresponding values in Tablc.2 gives an indication of the
dependence of D on the value of the Fermi momentum, An estimate

of this dependence on ky can be made from Egs. (13) and (15) which

23
show that, in first approximation 7/, DA is proportional to k; and
that D, is proportional %o kﬁ (a = 1/kF); ond the values of D,

are about 50% greater than the value of D
The calculations leading %o Table 4 werce made to investigate

the dependence of D on the value of the hard-core radius c. The

dependence of DC on the core radius is apparent in Eq. (15)29), but

the dependence of D, on ¢ is hidden in the factors (1=x) and £(c/b%)

in BEgs. (13) and (iL4). Comparison of Tables 2 and k4 indicates that

D decreascs with increasing hard-core radius, but not nearly so much

as one would expect from Eq. (15) alone.

The offective masses play on obvious role in D [sce Eq. (15)]
and in all the partial-wave contributions Dé. Whereas the effective
masses do not play e role in D, [see Eq. (13)], they do determinc the
relative contributions of Df: +the smaller the valuc of the reduced

A

# . . .
mass MN of the nucleon, thce smaller is the s-wave contribution D?.
\

A
FPinally, it should be remarked that the method used in the
calculations reported in this section has not been completely justified;

. . . egs s 16
it has, in fact, been the subject of some criticism 7,
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IV. CONCIUDING REMARKS

The results reported in Tables 2 =4 indicate that a value
of D in the range 30 =40 MeV might be cxpected; and these values
are consistent with the values reported in Table 1 for a direct
A-nucleon interaction., Values of D much larger than 30 eV are,
however, inconsistent with the cmpirical estimates given in Eq. (1).
It remains to be seen whether the value of D will be found to lie
in the range (1) or will fall in the higher range 30 - L0 IV,

)

estimates into agreement with Eq. (1) by invoking an exchange and/or

Attempts by Bodmer and Sampanthar2 to bring theoretical
a three-body componecnt in the A-nucleon interaction have been discussed

in Section II.

On the basis of a calculation mentioned necar the end of
Section IIT, Waleoka17) suggested that agrcement between Eq. (1) and
calculated values of D could be obtained if the strength of the A-nucleon
interaction is reduced in odd-parity states. The large p-wave contri-
butions to D reported in Tables 2 -4 confirm that this suggestion is a

possibility.

The two potentials with b° = 0.7 £, for which results are
reported in Tables 2 and 3, lead to valucs of D which are pretty close
to the largest empirical estimates given in Eq. (1). These potentials,
of course, are the ones which lead to relatively small p-wave contributicns
to D. They may be as unreasonably narrow as those with b° = 1.5 f are
wide., In any case, the relatively small valucs of D obtained with these
potentials indicate that a value of D in reasonably good agreement with
Eq. (1) might be obtained with a hard-core potential having a narrow,
deep body and a longer, weak tail whose parameters would presumably be

dictated by the two-pilon cxchange mechanism,

That the potcntial which is seen by a A particle imbedded in

2)

was mentioned in Scection I. This suggests that the central depth of the

nuclear matter is expected to be only slightly momentumndependent1’

recal part of the optical potential for scattering of low-energy A particles
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of heavy nucleil may be very close to D. If this is true, A-nucleus
scattering data (when this becomes available) may provide a method for
determining D, Preliminary estimates of some of the propefties of the
A-nucleus optical potential which might be expected have been made

by Ramso). He assumed the optical potential to have a central depth

of 30 MeV, consistent with the values of D discussed here. A trapezoidal
shape appropriate to the nucleon distributions in heavy nuclei®’ was .
assumed for computational convenience; a half-density radius ¢ = 1.1 A/°f
and a skin~-thickness t = 2.4 f were used”’/. Ram found that, for A 2 64,
the low-energy s-wave scattering parameters (zero-energy scattering

length and effective range) of these trapezoidal optical potentials can
be reproduced with considerable ?ccuracy by square wells having a depth

of 25 MeV and a radius of 1.26 A’? £, Assuming that the same square wells
are appropriate to low-energy scattering in states with higher angular
momenta, the values of A for which abnormally large cross-sections
(resonances) can be expected are easy to determine. For the square well
Just mentioned, s-wave resonances will occur for target nuclei with

mass numbers A = 31 and 144, and p~wave resonances will occur for

A = 73% and 248. These mass numbers are, of course, only suggestive of

those which one might hope to be able to establish,

The calculations reported in Section III were made by the
author in collaboration with Dr., W.E. Ware of the University of Colorado
and the U.S, Air Force Academy. The partial-wave contributions D?

A

and the core contribution Dg were evaluated numerically on the IBM 1620
computer at the University of Colorado with the aild of a grant from the
National Science Foundation., The author is indebted to Professor S.C, Miller

for his assistance with these computations,
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was evaluated with severel values of o for the exponential
potentlals reported in Teble 2. A 20% change in o on either side

the value given in Eq. (11b) produced changes of 10%, 7% and 5%
in (g-x), the larger changes corresponding to the smaller values
of b .

24) Since the Bethe-Goldstone equation has not becn solved for £ > O,
there is no recal basis for hlu asuumptlono The effect of the
cut-off term in Eq. (12) on DA> is, however, negligible except
for attractive wells of very short “ﬂngc Tor exoample, use of
the Born approximation to cvaluate DA Tor the exponcntial potentials
reported in Teble 2 leads to an increase in DA over the values
reported there by 3.5 MeV, 1.6 MeV and 0.3 qu, respectively; the
corresponding incrcases for the potentials reported in Table 4 are
7.9 eV and 2.4 ticV. The effcct on Di is completely negligible.

25) Sce, for cxample, J.l. Blatt and J.D. Jackson, Phys.iev. 76, 18 (1949).

26) That the zero-energy scattering length of the effcctive A-nuclcon
potential in light hypernuclel is insensitive to the valuc of the
hard~core radius is suggested by o recent anclysis of the hyperitriton
by B.7. Downs, D.R. Smith and T.N. Truong, Phys.Rev. (to be published).
The scattering length of o wholly-attractive exponenticl well with
the range and volume integral given here is =~ 0.76 £; for a square
well, the scattering length is = 0,78 £. The prescription used here
for obtaining the parameters of potentials with hard cores leads to
o spin-average potential 4% less deep than that deduced by Dietrich,
Folk and liang (Procecdings of +the Rutherford Jubilee Tnu.COHi.,
Manchester, 1961) from on analysis of the binding energy of AHE
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in terms of A-nucleon potentials with a hard-core radius

c = 0,2 £ and an attractive square well., This prescription
also leads to hard-core potentials with exponential attractive
wells whose depths differ by less than 1% from those used in
Refs, 17 and 18,

See, for example, T. Ohmura (Kikuta), H, Morita and il. Yamada,
Progr.Theoret.Phys. (Kyoto) 15, 222 (1956).

These calculations indicate that Walecks underestimated D@ by
about 9 MeV in Ref. 17.

See also Ref., 17.

Budh Ram, private communication.
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PART VI.5

MESON THEORY OF HYPERON-NUCLEON FORCES

*)
J.J. de Swart /,
Theory Division, CERN.

I. INTRODUCTION

We will assume that the interaction between a hyperon and
a nucleon can be described by a local potential. . For low energy
A-nucleon scattering in the 13, state we have to solve the Schrddinger

equation

h2
- 5= x'+(Vi=E) x = 0. (1)
A
To simplify equations we will consider only 'S, states; no essential

features will be lost, however.

From the existence of the reaction
A+N > Z+N

we know that the A-nucléon channel is strongly coupled to the Z-N channel.
A description like Eq. (1), taking into account only the A-nucleon channel,
has to break down if B > 77 MeV. In fact it is reasonable to assume that

it breaks down much earlier.

A better way to describe the A-nucleon interaction is to take
also explicitly account of ‘the Z~-nucleon channel. Therefore, we need

to consider potentials

v2=<" AN (2)

Von Vyn/

»*) On leave from the University of Nijmcgen, Nijmegen, Netherlands.
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with the coupled Schrddinger equations

B2, L
- ZmA qA + VAA uA-FVAZ u2 =R gA

(3)

52 " = a2
- oy ug' + Vp, wy + Voo ug = (E -~ Auc?) Uy -

Here m, and m;, are the reduced masses in the different channels, and
Al = ME-MA is the difference between the rest masses. In solving

Eq. (3) for low-energy A-nucleon scattering we have to impose the

boundary conditions:

u, = 0
if r =0 or r = r then {
¢ u, =0
z
and
. w, - 51n(kAr+-8)
if r » » then X
u, - a e T
S
where
Ak 2 ., K 2K2
E = e Allc® = S
A z

t is hoped that with a potential like Eq. (2) one can
describe the A-nucleon scattering up to about 300 MeV, like the

nucleon-nucleon scattering can be done., Our task is to determine V.

We will restrict ourselves to the case of even relative

parity, which secems to be firmly established by now1’2),

II. MESON TIECRETICAL POTENTIALS

At this moment there are many mesons available, each of which
could be responsible for a significant part of the hyperon-nucleon forces.
We have,for example, the Y = O mesons like m,n,p,w, and ABC particle,

and the Y = * 1 mesons like K and K*. The relevant experimental data
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arc unfortunately still so scarce that from them almost no indication

about the importance of the different mesons can be obtained.

To make any progress in understanding these forces one has to
rely therefore heavily upon theorctical arguments and upon the experience

obtained in the similar problem of the nucleon-nucleon forces.

The theory in the nucleon-nucleon problem is at this moment
in a transition phasc; +the transition being from considering only the
pions3 as the agent of the force, to including in the calculation of
the potentials also the recently discovered mesons as p,w,7, ABC, etc.A).

This transition is surely not completed but one is only at the beginning.

We will base our argumcnts on the older theories [to be specific
we will use the Brueckner-Watson prescriptions)] and we will totally
neglect the existence of these new mesons. The main justification for
considering only pions lies in the fact that a very satisfactory descrip-

tion can be found employing only the pions.

Because of charge indepcndence the interaction Hamiltonian,

between the pions.and the baryons, in isospace is

+ . + + . o + .
Hypg = g0 20) * 2+ £, 5 (A7 2+ 27°A) w35, (27 x 2) * . (&)

For the dependence on the space and spin we will always take the form
£+ _ .
;(‘I‘U‘--) *Vo . (5)

The different kind cf diagrams that conﬁribute are given invFig. Te
For completeness we give in Fig., 2 the most important dicgrams which

are neglccted.

)

calculate the potentials due to the exchange of one and two pions

we can then
6,7)
.

Using the prescription of Brueckner and Watson®

The “complete potential is then characterized by four constants; the
coupling constants fAE and fEE’ and the cores xo and x4 in the singlet

and triplet states respectively.

We will try to determine these different constants.
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ITI. LOW-ENERGY A-NUCLEON SCATTERINGY)

)

one can estimate the A-nucleon scatitering lengths. We take’

From the different analysis8 of the light hyperfragments

a9 = = (3.6;’:%:2) fm
a1 = = (0.53%0.12) fm.

Using the meson theoretical potentials in Eq. (2) we can, for a fixed

Xo and T determine the value of fA which will give the correct

xx’ by
scattering length ao. This can be done for every value of fZZ’ still

keeping the core radius x, fixed. For a fixed core we obialn therefore
a line in the (fAZ’

giving the correct ag. The same procedure can be repeated for different

fzz) diagram (Fig. 3); every point on this line

values of the core and also for the triplet case. We notice then that

every combination (f fZZ) can reproduce the scattering lengths ap and

AR’
a4 provided we choose the right cores xo and 4.

To be able to make any conclusion we have to place restrictions
on the possible values of the cores. We will assume that the cores are
of the same order of magnitude as the cores in the nucleon-nucleon
problem, therefore

0.30 & x_ S 0,40 ut

Despite the fact that this drastically limits the possible values for

fy5 and £oo, it still leaves us with quite a large choice (see Fig. 3).

- - 1
IV. LOW-ENERGY 2 -p AND X -d INTERACTIONS °)

When I~ hyperons come to rest in hydrogen they form 2.p atoms,

which decay due to the reactions

2 +p > 2%+n+ 3,16 eV
> A% +n+79.30 eV .
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The measured rati011) is gR(H) =5°/8°+A° = 0.33+0.05.
Using the cores, Xo and x1, which give the correct scattering lengths,
this ratio r (H) is calculated for dlfferent comblnatlons (fAZ’ fzz)
Thlsvglves a llmltatlon on fzz Only those values of fzz are allowed
which lie to the left of the line H in Fig. 3. This allowable region
extends to slightly hégative values of fyo

An analogous reaction is

¥ +d > 2%+2n+0.94 MeV

> A+2n+ 77.08 MeV.

‘The measured ratio at rest 1512) r (D) = 0.037*0. 022. Also
this ratio”is caldulated10’13). This restrlcts fzz to 11e 4o the left

of the line D in Fig. 3.

V. UNITARY SYMMETRY

The unitary symmetry model 4) (ootet model) of strong

interactions predicts the relation

V3 5+ Tys = ¥y | (6)

' 4f we assume that the basic couplings are pseudovector7). This is

5683/NP/smg

desoribed by the straight line in Fig. 3. If the basic couplings are

pseudoscalar7 then the relation is:-
73 2
X2 B
5 (MA+MZ)f‘ +1/1 £os ZMNf'

However, in the latter case a restriction to only pion couplings is
perhaps not justified and kaon exchange potentials should be included

in the analysis.
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A=A POTENTIAL

We can, of course, consider the low-energy A-A interactions,
'Due to the recent discovery15 of a double hyperfragment this becomes
guite interesting. If we restrict ourselves again to only pion forces,
then we have again a set of coupled equations like Eq. (2). We can
calculate the Brueckner-Watson potentials and determine the scattering
length as a function of the core and the coupling constants. Using the

. 9
relation

- R Lara
V=i T1.53 ok (7)

we can translate the scattering lengths into volume integrals V of the

=

potential. The range parameter is b = 1.4843 f corresponding to a two-

pion range.

The volume integral as a function of the coupling constant f22
is given in Fig. 4. The constant fAz is determined by unitary P.V.

symmetry [Eq. (6)].

VII., EQUIVALENT POTENTIAL

Finally, we want %o consider potentials like Vi [see Eq. (1)]
anyway. How can we deduce a reasonable Vi from the knowledge of the
potential V. [Eq. (2)]?

To obtain the correct phase shift we need a solution y of Eq. (1)
such that if r - «, then x > u . The choice x(r) = gA(r) everywhere would
give us the correct scattering length at the energy considered. However,
it will not give the same effective range in both cases.

The effeective range is given by

[

ro = 2[ (v* = x2) ar (8)

for the one-channel Eq. (1), where v = sin(kAI'+ 8)/sin & and by

oo
r

ro = 2/ (vz-qf - ug) dr (9)
0
for the two-channel Eq. (3).
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To obtain thus the same scattering length and the same
effective range in both cases, we have to take '
NP
O A
X =, (1-P:G—>’. (10)
N\ A

For E = 0 scattering u, has no zero's (a = negative) and Iq. (10) is

a good wave function, This yx is a solution of Bq. (1), if

a2 [(x"
10
ZgA X

uA . uZ mAmeZ\
= 2 ZVAA+u + ul 2mA /VAZ'.
up t+ Uy A %, :

u. 2 U. - Ux U
; — EZ+(ME--M)Q_} b <u E 2 A).
u + uz A

’1

Therefore, if we solve the system of Eq° (3) for E O,.then we can
construct readily the potential Vi, which" will give the ocorrect ao
and ro. Important is this for the triplet case, because the. same
procedure is applicable there and we can construct uherefore easily a
potentlal with the correct amount of tensor force, etc., to describe

“the low energe A=-nucleon scattering.

VIII. CONCLUSION

Any conclusion is dependent on our answer to: "what is a
reasonable core?" As long as we do not have a satisfactory way of
treating the cores, our conclusions have to be viewed with the proper

" caution.

The following conclusions can then be made. If we neglect the
K mesons, & rather satisfactory way of describing the hyperon-nucleon
interaction cen be found. The coupling constant f‘AZ is of the same

order as fNN’ but fZZ is much smaller,

/’;\\
1
N
% &
1A
Uif—
~_
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Fig. 2. - The most important one-meson exchange diagrams which are
neglected in the calculation of the hyperon-nucleon potentials.
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Fig. 3. - The fAZ _f}:E diagram.
The dashed lines represent the values of (fl\.Z , fzz ) which give the correct scattering length a, for a fixed
core X .
The solid lines represent the values of (fAz , £ 3 ) which give the correct scattering length a) for a fixed
core X,.
The line marked H are those points where rR(H) =0,33 +0,05.
The points to the left of this line give rR(H) within the experimental limits. The line marked D are those points
where rR(D) = 0,037 + 0,022, The points to the left of this line give rR(D) within the experimental limits.

The line US gives the combinations ‘(fM . fzz ) which are required by unitary symmetry (pseudovector coupling).
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|
750 —
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x=0.35p™"
-1
-250 x,=0.40p

Fig. 4. - The volume integral of the Li-1 potential as a function of fzz
The corresponding f,y is chosen to be consistent with
unitary P.V. symmetry (6). The results for different core
radii are given. V » 530 MeV fm® corresponds to a bound

state.
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PART VII

THE OUTLOOK IN HYPERNUCLEAR PHYSICS*)

R.H. Dalitz,

The Enrico Fermi Institute for Nuclear Studies and
Department of Physics, The University of Chicago, Chicago.

I. INTRODUCTION

A reasonable classification of the information obtained
in the study of hypernuclei may be made according to its bearing on
the following three areas of physical problems:

i) the propertles of the nuclear interactions of the hyperons,
ii) the weak interactions of the A hyperon;

iii) the properties of nuclei.

Here we shall survey briefly some of the questions of current or
future interest in these areas, as well as some of the experiments
which appear feasible in the near future and which will bear directly

on these questions.

II. THE NUCLEAR INTERACTIONS OF THE HYPERONS

From the study of binding energies of A hypernuclei, we have
already learned a great deal about the qualltatlve properties of the
A-N 1nteract10n in the 'S, and sy states, and this information has been
given an interpretation by de Swart and Iddlngs 1) in terms of the
properties of the pion-hyperon couplings AT and IZw. However, there
" are S£illlmany questions of detail about the A-N forces about which we
know little. v '

%) Work supported in part by the U.S. Atomic Energy Commission.
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i) The exchange character of the A-N interaction.
The exchange of a K or K* meson between A and.N will give rise
to an exchange term in the A-N potential. There are theoretical
reasons to believe that this will not be a significantly large

term but this needs to be checked directly.

ii) The tensor potential contribution to the A-N interaction.
Feson-theoretical calculations suggest that there is no reason to
expect this to be a large term for the A-N system, in contrast

with the N-N situation.

iii) The nature of the hard core interaction in the A-N interaction.
This informetion would be enlightening on the origin of the hard
core in baryon-baryon interactions. At present, the most
attractive hypothesis is that this hard core repuléion arises
primarily from a universal and very strong coupling of the baryon
with a neutral vector meson field (possibly fhe w meson). This
hypothesis would require the A-N hard core to have radius comparable

 with that for the N-N system, apart from small modifications due to

the exchange of other vector mesons such as the p, K¥ and ¢, which
appear to be less strongly coupled to baryons and which have different

couplings for different baryon multiplets.

iv) The spin-orbit coupling for the A-N system.
The most natural origin for strong spin-orbit forces in a baryon-
baryon system is the exchange of vector mesons, so that this guestion
may have gquite direct relationship with (iii). In this view it is
natural to expect a strong spin-orbit interaction in the A-N system,
just as is known for the N-N system, and it will be very informative

to learn about its sign and strength.

Probably it will be gquite difficult to learn about these guestions
from A hypernuclei. In p-shell hypernuclei, the s-wave A particle interacts
with p-shell nucleons and so the magnitudes of the cxchange component and
cspecially of the spin-orbit interaction are relevant to the B, value and

. A
the pattern of excited levels in these nuclei. IHore accurate and reliable
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B, valugs for a wide range of A hypernuclei are very desirable to

allow a more detailed study of their systematics in this region.
Another parameter directly relevant to these questions is the well
depth DA of nuclear matter for a A particle; DA depends guite strongly
on the propertics of the p-wave A-N interaction.

Experiments on Ap scattering would naturally give much mofe
direct information about the A-N interaction, but these'are generally
rather difficult éxperiments, in view of the short lifetime of the
A particle. One possibility ié the use of A particles from the reaction
K-+-p > A+7° for K coming %o rést in liquid hydrogen; this provides a
copious source of A particles of 32 MeV kinetic cnergy (ﬁhere are also
lower energy A particles from the 2°+7° 2° » A+y sequence) and a
search for the rare Ap scattering events near these il stopé can be
carried out rather quickly and efficiently. In this way it should be
possible to obtain a good wvalue for Gfot(Ap) for Ap c.m. energies in the
s-wave reglon, which should provide an interesting check on the A-N
potentials deduced from hypernuclear BA values, These A particles are
necessarily unpolarized; a source of strongly polarized A particles would
allow much more informative experiments. For 7 momenta in the range
1,000-1,500 MeV/c at lcast, ‘the reaction ﬂ-+-p -+ A+K° leads to strongly
polarized A particles with an angular distribution strongly peaked in
the backward direction, thus giving quite strong production of relatively
slow A particles with strong polarization. In due course it may}be
possible to make use of thesec particles to study some polarization
properties of Ap scattering; already a number of Ap scattering evehts
have becen observed in this way2’3 and used to estimate an average value
afot(Ap> = 25% 10 mb over the laboratory momentum range 400-640 HeV/c
(c.m. kinetic energy range 60-76 MeV). The simplest polarization property
to measure is the mean depolarization of the A particles due to Ap
scattering; this parameter 1is directly related to the relative strengths
of thé singlet and the triplet A-N scattering. Possibly experiments of
this kind wili_Pfove possible with spark chambers, using a hydrogen target

inside the chamber; +this would allow the collection of cvents at a much
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more reasonablc rate. Another possibility would be the study of
secondary A=N collisions for A particles which are produced on one
nucleon in 7-d or K -d collisions and then collide with the other
nucleon of the same nucleus. These events could be selected by
requiring the presence of both a A particle and a fast nucleon in the
final state, confining attention to nucleon momenta well above the
momentum distribution which is known for "by-stander nucleons" (and
which is well fitted by the distribution claculated with the impulse
approximetion and with a simple deuteron wavefunction) in uigh-energy
processes involving deuterium as target. The simplest such situation
to interpret would be the study of m=-d reactions for pion energy well
below the threshold for I production, since this would cnsure that

the intermediate hyperon was predominantly o A particle.

Similar studices of 2—-p and Z+-p cross=-sections, using
hydrogen chembers or spark chamber methods, would also be of great
value in providing ncw parametcrs to relate to the primary mechanisms

giving rise to hyperon-nucleon forces.

The study of hyperfragment production rates in specific hyperon
reactions should also prove quite informative on the detailed character
of the primary hypcron-nucleon interactions. .For example, whereas AH4
and AH94 are produced in about 20% of K -He* reactions which lead to a
primary A particle (identified by the characteristic momentum of the
associated m meson), not more than one cxample of AHé has been observed
in 300 examples of % + He* capture at rest4). This low rate of AH4
formation (which involves about the same momentum transfer as océurs in
the K +He* - AHGA-FW— recaction) is probably related with the detailed

spin character of the interaction 2-4-p - A+ n,

The rccent and remarkable observation of a AA hypernucleus by
the Warsaw groups) as part of a large European collaborative effort
has opened up a large new field of research. When suitable methods are
developed to increase the yield of slow i mesoné which can be stopped
in emulsion, the study of the AA hypernuclei formed will quickly lead to a

rather accurate valuc for the A-A interaction in the 1So state. For this
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determination observations on the system ,,He® will be of particular

interest since this is the system for whiﬁg the most reliable calculations
can be made at present. From the study of the heavier systems, we may
expect to learn further about the spin-dependent term in the A-nucleus
interaction (about which we have some indications from A-hypernuclear

BA values) and about the distortion of the core nuclei by the presence

of several A particles., The study of specific capture reactions of
particular simplicity will also be important; +to illustrate this we may
mention the reaction & +Li7 - AHé'FAFﬁ’ whose interest [as pointed out by
_Wilkinsons)] lies in the fact that the final state consists of two identical
spinless particlés, It will also be of interest to study the angular
correlations between the two successive A decays of the AA hypernuclei,

for sxample in the sequence AAHB > T+ Ll > +BeY (7 = 2+), which
prov1de a dlrect chedk on the spin value for AL1 . Probably studles of
this kind should not be made in emulsion since the atomic flelds probably
suffice to destroy the alignment of the AL:L during the relatlvely long
time (~ 107" ° sec) it remains at rest awaiting the second A decaycv The
study of the branching ratios for the various decay modes dvaA,hypernuclei
Woﬁld also providé a check on many of our present béliefs‘dbout the decay
of bound A particles. To provide an example, we may consider AAH4 and its

two-body decay mode ,,H* » 7 + ,He*. With J = 1 expected for AABﬁ’ and

AN A
J =0 for AHe“, this decay requires £ = 1 for the pion and can therefore
occur only through the relatively weak p interaction for A decay: hence

the two-body decay modes for ,,H* may be expected to be relatively rare,
y ¥ ,

in contrast with the situatioﬁAfor AH?.

Now that an example of the AA hypernucleus has been established,
it appears reasonable to mention the possibility of forming hypernuclei
containing three A particles. The systematics of the pa/ meson=~baryon
resonances, the Na/ (1238 MeV), the Y¢* (1385 MeV), strongly suggest the
existence of a further state, <the Q" baryon with mass about 1680 MeV' ?°
This object has not yet been established, although there was an event
reported by Eisenbergg) in 1954 which may have been an example of Q decay.
The point is that this Q',baryon is predicted to be long-lived, with decay
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modes T+ &, K +A and K+ 2 duc to the weak interactions, and to have
strangeness s = =3, When the Q" particle comes to rest in emulsion
and interacts with a nucleus, the following one- and two-nucleon capture

processes are possible:

Q +p- T +4 (1)

Q~+p+n->A+A+Ao (2)

In Eq. (1), if the & hyperon undergoes a second interaction in the same
nucleus, or in Eq. (2), the effect of the capture process would be to
rclease three A particles within the nucleus. Even though the net energy
release is quite high [~ 110 leV for reaction (2)], there is a finite
probability that all three A particles may be trapped to form a

AAA hypernucleus. In such a system the lowest state available to the third
A particle is a p-state, in consequence of the Pauli principle. This
condition will forbid the binding of the three A particles to the lightest
nuclei, since the p-level of the A-nucleus interaction is bound only for
sufficiently large core nuclei. The simplest cstimates suggest that
AAABeii should certainly be stable; this system could be formed in reactions

such as

Q +C'% > Be''4n+p. (3)

AAA

ITI. THE WEAK INTERACTIONS OF THE A HYPERON

The study of the f decay processes for hypernuclei could
usefully complement studies of the properties of A-f decay carried
out for free A particles. Processes of particuler interest which may
be studied in a helium bubble chamber are

AH 2 o7+ v et - (k)
AH*»u-+;+Hf. ’ (4b)

With J = 0 for AH4, these processes represent zero-zero transitions which
are allowed only through the Fermi part of the Ae and A# interactions so

that a knowledge of their rate would allow a direct separation between the

5683/NP/smg



- 207 -

Fermi and Gamow-Teller terms in thesc interactions. This information
mey also be obtained from studies of the f decay of freec polarized
A particles. The greatest difficulty in the study of processes (L)
will be the problem of low statistics; the branching ratio for these
processes in AH? is expected %o be of the order of 10> so that there

is no advantage in this respect over the study of free A decay.

The lifctimes of the light hypernuclei form a subject of
great intercst, especially in view of the short lifetimes which have
recently been found for AH? by two different investigations1°’11).
This result is very much of a surprisc, in view of the light binding in
AHs; it is difficult to obtain a lifetime much shorter than 1.8x 107 '° sec
from the theoretical calculations which have given a good account of the
branching ratios observed for AH? and other light hypernuclei. Until this
‘short lifetime is understood, there 1s reason.for some scepticism about
our progress in the quantitative understanding of the weak interaction
processes in hypernuclei, so that it is of importance to confirm this result
and to establish more accurate lifetimes for the other light hypernuclei
AH4, AHEA and AHes.

Observations on hypernuclei offer the only means available

for the study of the weak interaction

A+N > N+ N (5)

giving rise to non-mesic de-excitation of the A particle. There has
already been a great clarification in our knowledge of the charge and
- spin dependence of this inter?gtion, due to the data available on AHe4
studies in the helium-chambecr ), Direct studies of the non-mesic rates
for-AEﬁ and AHés (and also for AH?, although here the rate cxpected is
quite small, due to the low A binding) would be very valuable at this point,
both of the total rates and of the (Ap)/(An) ratio. Data on the rates

(or branching ratios) for specific modes of decay, such as

AHCA - n+ He? (6a)
> p+ I (6b)
> p+n+H, (6c)
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would also provide valuable information. The decay rates for specific
modes would also allow further tests of the AI = %4 rule for interaction
(5); at present the only test available involves the inequality

an(AH4) L2 an(Hb4), which appears to be just satisfied. The comparison

of the absolute rates for the modes (6a), (6b) and for

AH4 s> n+ 1B (7)

provide another inequality, R(nHe’) + R(pH’) 2 YR(ni’), which can give

a further test of the AT = % rule in this process (5).

The spin dependence of the interaction (5) may be investigated
to some extent by comparing the AHA, AHEA and AHes rates, especially the
rates for the individual two-body modes. However, there will be both
parity-conserving and parity-rcversing terms in this interaction and these
can be separated only by polarization studies. These require observations
on the angular distribution of non-mesic decay, relative to the polarization
direction for the initial hypernucleus, for example for AHbs decay, or on
the longitudinal polarization of the high-energy nucleons emitted from each
of the light hypernuclei. The study of polarization correlations between
the two fast nucleons emerging from non-mesic decay will probably also be
necessary before a complete analysis of the spin dependence of the non-

mesic interactions can be made.

There is the possibility that multinucleon contributions to
the non-mesic A deccay rate may complicate the situation. It appears
difficult to separate these processes from the process (5) on a purely
empirical basis, since there can always be final state interactions which
involve further nucleons. In light hypernuclei, complicated final states,
involving the emission of a fast deuteron or a roughly cqual sharing of the
energy between three final particles, can occur even without invoking
secondary interactions, as has been shown for the case of 7+ He® capture
by the calculations of Eokstein12). The identificetion of multinucleon
terms will require thc observation of detailed deviations from the results
of calculation based on the two-body interaction (53. Probably the proper
procedurc is to assume that the de-excitation process is dominantly of the

type (5), until data turns up which cannot be reconciled with this hypothesis.
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The cbsolute strength of the intercction (5) is of

artlculer interest. One parameter dlructly relevant to this is
the lifetime for a 1arge hypernucleus (say A ~ 100-200). This
lifetime could probably be measured by electronic techniques, by
studying the occurrence of large encrgy rcleascs folloning K capture
in heavy nuclei w1th delay times of the order of 107"° sec. The
present data suégests that this interaction ()) is 1nur1n31cmlly
weaker than that of the nuclear f decay interaction by about an

order of mognitude; however, it is difficult to make this comparison

meaningful until more is known about the form of the interaction (5).

IV. NUCLEAR PHYSICS AND HYPERNUCLEI

1. Nuclei away from the stability vailqy

Very little is know about the properties of many nuclear
species with excess neutrons or protons relative to the normal species,
such as H°, He”, He®, C°, etc. In most cases it is not even known
empirically whether these systems have particle stable ground states.
These systems are generally quite difficult to form in the kind of
nuclear reactions which have been most convenient for experiment in

. the past, since they usually involve the transfer of at least two
neutrons or two protons to (or from) the stable target nucleus. When
these systems are formed (at & low rate), it is often difficult to
establish their identity conclusively with the usual techniques. For
example, the emulsion technique is very convenient for the detailed
study of individual rare events; there have been reported in the

13)

11terature sevcral evenus Iollom.nb hlgh—bnergy nuclear dlSlntegratlons s
Whlch may represenu c® Q B® é Be®* n+ 2a, but even with this striking
sequence of phenomena, it has been difficult to esteblish conclusively
even the existence of bound C°. Similarly; there have recently been
reportsid) of the observation of the f decay of 1P, following y+ Li’
reactigns at high cnergy, but here again the arguments are sufficiently
indirect as to allow question concerning this intérpretation of the

observations.
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Any of these "exotic nuclei™ which aré particle stable
will certainly form a A hypernucleus, and this will even be the case
for many nuclear systems for which there is no stable ground state
since a bound A particle generally adds at least an additional eV to
the stability of the system with respect to removal of the least
strongly-bound nucleon'®’, ABe7 provides a well-known example of this
situation, for there is no bound state Be®; from an accurate knowledge
of BA for ABe7 it would be possible to deduce (after some necessary
corrections) the position of the lowest level of Be® ¥, In these
"exotic hypernuclei", it is the last nucleon which has the least
binding; in ABe7 the last proton has binding BP = 0.4 0.5 MeV, compared
with By = 3.5 lieV (relative to He® + 2p). The formation rate for these
lightly-bound hypernuclel may be expected to be quite appreciable; AHB’
with BA = 0.2 eV, is a well-known system and the formation rate for
ABe7 must also be quite appreciable [since the two identified events
represent only the (strongly suppressed) T mode]. Then, in the A - p+-w-
decay for the bound A particle, the relatively large energy release gives
rise to fragments whose tracks are frequently long enough to allow
identification and accurate measurement; the interpretation of the
hypernucleus may be checked by the requirements that the momenta balance
and that the BA value obtained agrees with the knowmn pattern of BA values
for neighbouring hypernuclei. TFor example, the systems AEF, AHBB, AHeg,
ALi’o, AC“’, etc. are all to be expected, and perhaps even neutral systems

S

1
such as It (following a recent report ®) that n may have a bound state

at =4 1cV) may be observed in work with propane chambers.

Little is known about the existence and properties of light
nuclei with high isospin, I 2 %, and it is quite possible that observations
on "exotic A hypernuclei™ may allow some more convenient and conclusive
eivdence to be obtained concerning such nuclei. We should emphasize that
the process of K capture with T emission; or of % capture with proton
emission, can readily lead to the charge changes necessary to reach the
neutron-rich systems; the proton-rich systems may be less readily accessible,
‘although it is reldtively easy to emit several ncutrons in these formation

reactions, in view of the large kinetic cnergy relecased.
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2. Excited states of hypernuclei

_ A:hypernuclei will generally possess excited states, some

of which may be particle stable. Some of these states may even be
meféétable, i.e. they may undergo A decay preferentially, rather than
Y décay. For example, Danysz and Pniewski' "/ have suggested that the
first excited state of AH¢7°“ (which will have J = %+) may be metastable,
a possibility which may account for unusual spread in the'sA value
reported for Aﬁb7 events; Pniewski17) has also pointed out that AO"*
(9é+) at 6 MeV would also be metastable, at least that the A decay and
(e+é-) decay modes would be competitive for this system. However,
generally, these excited states will deéay by v emission; for example,
the second excited state of AHET* (which will have J = %+) may be
expected to decay by an Ml transition to the J = "o+ excited state of AHﬁe'*.

Questions of interest in conncotion with these v transitions

are as follows.

i) The cnergics of the excited states.
It is conceivable that these may be observed from the study of
production reactions, in favourable cases where the levels are
widely spaced. For example, the first level of AC'B* may be
expected at an excitation energy of about 4 MeV, and its formation
ﬁight be distinguished from ground state formation in the reaction
K o+Nt —>AC’3*+p+1r-. (8)
On the other hand, it may be feasible to observe the vy rays directly
(which would generally be a more satisfactory procedure) with the
use of counter techniques, NMesic X-rays have been obscrved at
‘Berkeley for K stopping in various light materials18), and the
possibility of observing the y rays emitted from the resulfing
A hypernuclei has been considered by Ashmore and Falla in q.
communication to this conference. Observations on the locéﬁions
of.thesé excited states would giﬁe additioﬁél evidence_gn;fhe
spin depéndencé of the A-nuclepn interaction; ‘forvexdmpié; the

attachment of a A particle to L15 forms two 1evels, the ground level
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with spin Yo+ and an excited level with spin 3@+, théir
splitting being due directly to the spin dependent term in the
A-N potential., Also, such information could frequently give

an informative test of current theories of nuclear structure.
For example, in ABGQ* the J = 2+ level Be®™ at 3 lieV gives rise
to two excited levels with spins Yo+ and %+, If L-S coupling
holds, or if the a particle model were valid for Be®™, the
splitting between these levels should vanish, whereas their
splitting should be quite large for nuclear j-j coupling; the
magnitude of +this splitting actually gives a measure of the

degree of intermediate coupling appropriate to Be®™,

ii) (y,y) and (y,7) angulor correlation studies can be made between
the hypernuclear y rays and with the final decay pion.
These could provide direct tests of the spin values predicted for

these excited states.

iii) The measurement of y lifetimes for selected transitions.
These lifetimes will provide tests of theoretical calculations
of the structure of the hypernuclear wavefunctions in sclected
cases; for Ml transitions they will depend on the A magnectic
moment ( which will probably have been determined by experiments
on the free A particle, by the time hypernuclear y lifletimes can

be determined).

3. Branching ratios for mesic decay of hypernuclei

For the transitions
- %
(W2 > 77+ (e )Y, (9)

the relative transition rates to various final states will provide tests
of the structure of the wavefunctions for the hypernucleus AZA and for
the nuclear states (Z4—1)A*. For example, the rate for the decay mode
ALiB > +Be®¥® (J = 2+, I = 1) depends quite strongly on the nuclear
coupling scheme”° , being forbidden through the s-interaction of A decay
for L-S coupling (since the transition is then ‘py - ’P2, which requires

spin-f1ip) and being quite strong for j-j coupling.
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PART VIII

AFTER—DINNER TALK GIVEN BY PROFESSOR C.F. POWELL

H.H. Wills Physics Laboratory, Royal Fort, Bristol.

Let me say how much we have all enjoyed the Conference
which has been organized here under the auspices of CERN; and how
deeply, certainly we in Europe, appreciate the existence and the
continuing success of CERN. I would like to think, too, that our
many friends here from the United States of America, Poland, India
and Latin America, appreciate the advantages created by this Institution.
It really would be a poor world, for our friends in America for example,
if they did not have some people to keep them on their toes; and surely
it is a function of CERN to provide them also with valid excuses for

frequent agreeable visits to this most delectable Continent of Europe.

Of course, to speak more seriously, the CERN Organization
greatly benefits from the fact that it can attraoct to its Conferences
and to the work in the Laboratory, people from all over the world for

long and for short periods. Long may it continue.

This Conference was of particular interest to mec because it
transported me, in a vivid'way; back in time through'about 15 years.
This afternoon our'Polish'éolleagues described their remarkable observation
Which establishes the existence of nuclei with two A particles in them
and telis us something about the A=A interaction. We asked: "How long
must it be before We’can expect to get a second one?" The answer was:
"Well maybe in two years, maybe in six months." The factor is impossible
to predict on the statistics of one. I was reminded of a situation 15 years
ago, Whehisome of us in Bristol found an event which we oalled a T meson.
The analysis looked convincing, but we said,’"Yes,'one is all very well,
but we would like two. How long will it take to get another one?" Those
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of you who are hoping for a great cxtension in the library of A=A particles
may be heartened to learn that it took us two years before we got our

second T.

This A=A event reminded me also that 27 years ago we were
being told that the photographic method was really dead, only it would no<
lie down. Of course no technique can remain pre-eminent and the field of
activity with emulsions has become much more restricted than it was; Dbut
it is very remarkable how frequently the method has allowed decisive
conclusions to be drawn from a single observation. With this A-A event
we have another illustration. I am reminded of a famous remark of
Napoleon. Whenever he was presented with a young man for military advance~
ment, he invariably asked the question: "Is he lucky?" This was by no
means a casual inquiry. The important quality for which he was seeking
was = does this man put himself in a situation where he can be lucky? If
you fail to put yourself in a situation where it is possible to have good
fortune then you cannot have any success; if you do, you may. So I hope
that in that field of experiment we are going to discuss tomorrow, which
Professor Dalitz is going to review, and which is so well-adapted to work

with emulsions, we shall all be vigorous and encrgetic in the future.

One final remark that Professor Weisskopf asked me to make aboui
our present situation in physics. We, of course, are the heirs of all the
ages. We sometimes think, and in a certain sense it is true, that our
expcrience is unique. However, men in the past have also been through the
kind of excitement, the delight in investigation, which we so much enjoy,
and this enthusiasm is well illustrated by a remark of Clerk Maxwell's

- made nearly one hundred years ago. I mentioned it to Weisskopf and he
asked me to repeat it to you. If I remember it right it runs: "The minc
of man is not like Fourier's heated body, continually settling down to a
state of quiet uniformity, the character of which we can already predict.
It is rather like a tree, shooting out branches which adapt themselves %o
the new aspects of the air towards which they climb, or roots which contoxt
themselves among the strange strata of the earth into which they delve.

For us who breathe only the spirit of our own age, and who know only the
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characteristics of contemporary thought, it is as difficult to
anticipate the general tone of the science of the future as it is

to predict the particular discoveries it will make. Experimental
science is continually revealing to us new features of natural
processes and we are thus compelled to search for new forms of thought
appropriate for their description." He goes on to refer to the
importance of a close study of the relations between mathematical
theories and physical reality, so that we may see when it is safe

to import mathematical conceptions into one branch of physioes from

another.

You will see that these remarks from 90 or 100 years ago breathe
very much the spirit of our own times and closely anticipate the nature
of our own activity. A delight in colours and textures, enquiry into the
nature of things, appears very early in human life and it can be
encouraged or frustrated in the child or in the man. In our times it is
more important than ever before that it should flourish at all levels.
Both for the health of natural philosophy in Europe, and indeecd throughout
the whole world, the progress and support of CERN is of very great
importance. I therefore come back to my old friend Weisskopf, and want

to propose a toast: "To the Institution of CERN and its Director~General."

2
*
*
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The following partial report of the discussion following
Levi Setti's talk on 27 March, 1963, explains the situation.

Following upon what Dr. Levi Setti said earlier, I would

Danysz
like %o propdée that it would be of interest for experi-
mentalists to have a library of rew exberimental data

v‘concerning hyperfragmnents . In publications, final re-
sults only are given, and I think it would be most
interesting for those who work in the field and for the
others to be able to obtain rawlexperimentél data of
analysed hyperfragments from a library where this material
will be available to anybody who asks for it, And I
think I will propose a plééevfbr it: the Chicagﬁ’it'ﬂ
Loboratory would be the most suitable if they would like
to take up the hard work of organizing such a library.

Levi Setti ¢ I think that the suggestion is excellent in matter of
principle, and as a matter of fact I would very much
like to see this library start building up at CERN. On
my side, I have already contributed a tabulation of all
the mesic decays that have been enalysed in Chicago, and
have obtained assurdhce from Dr. Ammar that he also would
e glad to contribu£e the information available at
Northwestern Univérsity on mesic decays, so that I think
this Wiil‘be; if agreeable, certainly an excellent

solution.

Powell

In connection with this suggestion of Danysz about making
a library, I wondered would it not he a good plan to make

sure that you specify on this occasion, here and now,



Powell
(cont.)

Levi Setti

Powell

Levi Setti

Buhhop
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precisely what information you want, All the interested
parties are here, and if the specification of the informa-
tion could be laid down here, I think it would be a very

timely and useful statement towards such a library.

The best thing is perhaps simply to give raw datat mnamely
the ranges of the hyperfragment, of the decay products,
and their dip angles and projected angles. When there

is a possibility of analysing the primary star, one would
like to have the same information for all prongs origina-
ting from the capture star. Even if it is impossible to
analyse such a star, one would like to know at least if a

pilon was emitted and the number of other prongs.

It would be worth while to achieve some form of standardi-

zation.

I would say that the standardization is essentially
achieved when the density of the emulsionis given in a

way or an order, by giving, for example, the range of
protons from 2" decay in the stack. I would believe

that one has already achieved a substantial standardiza-
tion of the methods of measurement, which in this case are
so simple, that perhaps there is no need to go any further,

but try to collect the angles and ranges as they come.

I wonder if following up Prof. Danysz' suggestion, there
shouldn't be appointed a small subcommittee at this
meeting, here and now, to prepare the instructions of the
type of data which is required for such a hyperfragment
bank and also to go to the question of where it could be
situated. I feel that it is such a valuable suggestion
that this is the time to act on it.
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In the interests of keeping the discussion short, I
would like to suggest that Professors Danysz, Burhop,
Levi Setti and Lock get together after the meeting

and telk this over in private.

_ The work of this subcommittee resulted in the following

letter, which has been sent to all the participants at the Conference.
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NP/855/894 14.6.1963

Dear Colleague,

At the Hyperfragment Conference held at St. Cergue,
Switzerland, in March 1963, it was widely felt that it would be
useful to establish a central collection of data on hyperfragments.
This could be distributed periodically to all interested groups.
The collection of data should include sufficient detail to facilitate
world compilation of data on various aspects of hyperfragment pro-
duction and decay processes. It would be quite impracticable of
course to include complete detail but in those cases where more
information about particular events is needed it should serve to
promote exchanges by correspondence between the interested labora-
tories.

On behalf of the CERN emulsion group I offered to provide
facilities for the collection of this data. You will appreciate
that a collection of this kind can only be valuable if the informa-
tion provided by each laborstory is presented in a standard form.

A small subcommittee has therefore drawn up the enclosed form for
the tabulation of the data.

You are therefore invited to send me data on hyperfragment
events which your group finds and analyses from this date onwards
tabulated in conformity with the enclosed form. If you were able to
provided data on events already found and analysed, this would be very
useful but I realise that this may require an undue expenditure of
effort.

Yours sincerely,

W.0. Lock

on behalf of
E.H.S. Burhop (London)
M., Danysz (Warsaw)
R. Levi-Setti (Chicago)
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Suggested form for the tabulation of hyperfragment datas

(4)

Event Track Range (Um) Dip Angle(g) Azimuth

(degrees) (degrees)
Code No.(a) HF oo cesan ceeee
References(b) o e cecee ceaun creee
Identity(c) Rec.(e) ceees ceaes ceeee

(2)

(b)

(c)

(a)

(g)

The code number for the event may be followed by the letter

P or D to indicate production or decay star. E.g. 3-58-4-P.
40001-D, The particle producing the hyperfragment, its energy
and the production reaction, if known, should be given.
Published work in which the event has been first reported

but also subsequent work in which the event might have been
included.

The standard notation for events at rest in flight should be
used. Example 3 EAHA, RAHeS, etc.

Indicate when the range is measured from grid coordinates with
(grid). Tabulate measured ranges, uncorrected for density
effects. The information on the density of the emulsion should
be given as measured density, or range of protons from Z-p decay
at rest, or range of muons from w_u decay.

Indicate the observation of a decay electron (B) or recoil
disintegration (Hammer) ete.

n among the decay products indicates that the analysis requires

the emission of a neutron.

Sign convention : positive to surface, negative to glass.



APPENDIX B

LIST OF PARTICIPANTS




- vii

LIST OF PARTICIPANTS

BRAZIL

EIRE

FRANCE

GERMAN FEDERAL

REPUBLIC

INDIA

ISRAEL

ITALY

683/NP/sng

Name

Lemonne, J.
Renard, P.

de Carvalho, H.G.

Heeran, M. Sr.
0'Ceallaigh, C.
Thompson, A.

Baumann, G.
Braun, H.
Burdet, A. Mrs.

Cuer, P.

Philbert, G.

Diaz, J.
Harmsen, D.
Muller, D.

Tietge, I.

Pal, Y.

Rao, N.K.

Perlmutter, A.

Bizzari, R.
Della Corte, M.

Iwao, S.

APPENDIX B

Institute/Laboratqu

Université libre, Brussels.

Université libre, Brussels.

Centro Brasileiro de Pesquisas Fisicas,
Rio de Janeiro.

University College, Dublin,
Institute for Advanced Studies, Dublin.

Institute for Advanced Studies, Dublin.

Centre d'Etudes nucléaires, Strasbourg.
Centre d'Etudes nucléaires, Strasbourg.
Institut de Physique nucléaire, Lyon.

Centre d'Btudes nucldaires, Strasbourg.

Institut de Physique nucléaire, Lyon.

Institut filr Experimentalphysik, Hamburg II.
Institut fir Experimentalphysik, Hamburg II.
Institut fur Theoretische Physik, Heidelberg

Mex-Planck Institut fir Physik und Astro-
physik, Munich.

Tata Institute of Fundamental Research,
Bombay.

Tata Institute of Fundamental Research,
Bombay.

The Weizmann Institute of Science, Rehovoth.
Istituto divFisioa, Rone .

Istituto di Fisica, Florence.

Istituto di Fisica, Genoa.



Gountry

ITALY
(cont.)

JUGOSLAVIA

NETHERLANDS

NORWAY

POLAND

UNITED KINGDOM

83/NP/sng

- viii =

Name

Quareni, G.
Ratti, S.
Rosati, S.
Sassi, E., Miss
Tomasini, G. Miss
Vignudelli-Quareni, A.
lirs,
Adamovic, 0. Miss

Boskovic, B.

Kluyver, J.C.

Tenner, A.G.
Sorensen, 5.0,

Danysz, M.
Gajewski, W.
Pniewski, J.
Zakrzewski, J,

Allen, J.E.
Ashmore, A.
Bodmer, A.

Davis, D,H.
Elton, L.R.B.
Falla, D.
Fletcher, E. Miss
Fowler, P.H.
Garbutt, D.A.
Ismail, A.Z,M,

Lawson, R.D.

Lokanathan, S.

Institute/Iaboratory

Istituto di
Istituto di
Istituto di
Istituto di
Istituto di

Istituto di

Fisica, Bologna.

Fisica, Milan.
Fisica, Pisa.
Pisica, Naples.
Fisica, Genoa.
Fisica, Bologna.

Institute of Physics, Belgrade.

Institute of Physics, Belgrade.

Zeeman Laboratorium, Amsterdam.
Zecman Laboratorium, Amsterdam.
Institute of Physics, Blindern.
Institute
Institute

Institute
Institute

of Physics, Warsaw.

of Physics, Warsaw.
of Physics, Warsaw.

of Physics, Warsaw.

University College, London.

Queen Mary College, London.

Manchester University, Manchester.
University College, London.

Battersea College of Technology, London.
Qucen lMary College, London.

H.H, Wills Physics Laboratory, Bristol,
H.H. Wills Physics Laboratory, Bristol.
University College, London.

Nuclear Physics Laboratory, Oxford.

Atomic Energy Research Establishment,
Harwell,

Nuclear Physics Laboratory, Oxford.



Country

- ix -

Name

UNITED KINGDOM Major, J.

(cont.)

U.S.A.

5683/NP/sng

March, P.V.
Murphy, J.W.
Prakash, Y.
Powell, C.F.
Stannard, F.R.

Ammar, R.G.
Block, M.M.
Byers, N. Miss
Dalitz, R.

Downs, B.W.
Dyer, J.N.
Fry, W.F.
Harth, E.M.
Levi-Setti, R.

Lomon, E.L.
Nickols, N.A.
Prowse, D.d.
Schneps, J.
Steinberg, P.H.

Institute/Laboratory

Durhem University, Durham.

Westfield College, London.

Manchester University, Manchester.
Nuclear Physics Laboratory, Oxford.
H.H, Wills Physics Laboratory, Bristol.

University College, London.

Northwestern University, Evanston.
Northwestern University, Evanston.
University of California, Los Angeles.

The Enrico Eermi Institute for Nuclear
Studies, Chicago.

University of Colorado, Boulder.
Naval Postgraduate School, Monterey.
Wisconsin University, Wisconsin.
Syracuse University, Syracuse.

The Enrico Fermi Institute for Nuclear
Studies, Chicago.

Institute of Technology, Massachusetts.

Lockheed-California Company, Los Angeles.

University of California, Los Angeles.
Tufts University, Medford.

Marylend University, laryland.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

