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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
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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°
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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
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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)
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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.
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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)
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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)
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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
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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.
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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.
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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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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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-D

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".
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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

66/NP/sng



_39-

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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Theory

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

P(®) ¥ 1+3 cos® @ for (2*) events

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.
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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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