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1. INTRODUCTION

JL HE physics of hypernuclei is very young. However,
within less than twenty years much information of ex-
ceptional interest for elementary-particle physics and
nuclear physics has been accumulated. This information
is not only of interest but also necessary to supplement
our notions concerning baryon-baryon interactions. On
the other hand, the Λ hyperon is a unique test body for
nuclear physics.

Hypernuclei are bound states of baryons, of which at
least one is a hyperon, i.e., has non-zero strangeness.
Were the hyperons to decay only as a result of weak in-
teraction, their approximate lifetime in the presence of
protons and neutrons would be approximately the same
as in the free state (~ 10~10 sec). In the atomic nucleus,
however, most hyperons, with the exception of the Λ
particle (the hyperon having the smallest mass) vanish
in fast reactions with nucleons

Σ~4-ρ-»-Λ+η,

Ξ°+η-»Λ + Λ.
(1.1)

It i s not s u r p r i s i n g that the f irst hypernucle i to be
d i s c o v e r e d , and the only o n e s known to t h i s day, a r e
those containing only the Λ particle. We shall therefore
call hypernuclei with Λ particles simply hypernuclei. On
the nuclear scale, where the time is measured by the
period required for light to cover a distance equal to the
diameter of the atomic nucleus (~ 10"Z3 sec), the free Λ
particle lives a very long time (Table I). In this sense
hypernuclei, which have approximately the same lifetime
(~10"1 0sec), are stable.

Table I. The

Isotopic spin
Spin, parity
Mass, MeV . . .
Lifetime, sec
Decay mode (%)

Magnetic moment,
nuc. magneton

Λ hyperon

T---0
. /p=l/2+
. 1115
.2.6.10-1»
. ρπ-(68,4)

ηχι«(31,6)
pev(0,9-10-3)
ρμν (1,5-10-4)

. —0.75

The discovery of hypernuclei was quite unexpected.
Although their possible realization was not disputed by
anyone, it was also not discussed seriously. In 1952,
during a study of cosmic rays with the aid of photo-
graphic emulsions, the Polish physicists M. Danysz and
E. Pniewski obtained an unusual photograph (Fig. 1). A
cosmic particle ρ collided at the point A with an atomic
nucleus of the emulsion, which decayed to form a multi-
prong star. One of the heavy fragments, f, covered a
considerable distance and decayed at the point Β into
three charged particles and a certain number of neu-
trons, which, having no charge, left no tracks in the
emulsion. The measurements of the tracks have shown
that the fragment f had for approximately 10~12 sec an
energy of 95 MeV (or more, if neutrons were released
during its decay). In order to catch one nucleon from the
nucleus, it is necessary to consume an approximate en-
ergy 8 MeV. Therefore, if the atomic nucleus acquires
an energy 95 MeV, it disintegrates within a time much
shorter than 10~12 sec. It was the interpretation of this
case that led Danysz and Pniewski to the hypothesis that
the fragment f is the system we now call the Λ hyper-
nucleus.

In analogy with the notation used in nuclear physics,
the symbol used for hypernuclei is Ζγ, where Ζ is the

FIG. 1. Emulsion photograph of
the first hypemucleus.
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charge of the hypernucleus, A the total number of part i-
cles, both nucleons and hyperons, and the subscript
designates the hyperons contained in the hypernucleus.
Such a notation was adopted on his tor ic grounds, when it
was assumed during the first stage of the study of the
hypernuclei that the Λ part ic le plays the role of a neu-
tron, but i s heavier in m a s s . It might have been more
convenient to use A to denote only the number of
nucleons.

In 1954, only eight decays of three types of hyper-
nuclei were known. By 1960, the Λ-part ic le binding en-
erg ies were determined with good accuracy for prac-
tically all the presently identified hypernuclei. This was
followed by considerable improvement in the accuracy
of the binding energy, the discovery of the two exotic
hypernuclei H e ^ and Be^ (the nuclei He 5 and Be" a r e
unstable), and many experiments on Λρ scatter ing were
performed.

The physics of hypernuclei can be broken up into two
regions: the spectroscopy of hypernuclei (strong inter-
actions) and decays of hypernuclei (weak interactions).
In this review we confine ourselves to the spectroscopy
of hypernuclei, assuming the par t ic le interaction to be
potential. Other aspects of the physics of hypernuclei
will be mentioned only when necessary .

The s tatus of the physics of hypernuclei was des-
cribed systematical ly in Dal i tz ' s reviews, but these
(both the ear ly ones, such a s ^ , and the l a t e r ones^2"4^)
have been published in a very small number, and unfor-
tunately a re practical ly unavailable.

2. LOW-ENERGY Λρ SCATTERING

A question of p r i m a r y importance for the physics of
hypernuclei is the determination of the character i s t ic s
of the Λ Ν interaction. The type of the nucleon-nucleon
(NN) interaction is strongly l imited by experiments on
NN scattering. Is it possible at present to deduce sim-
i lar l imitations from Λρ scatter ing?

The study of Λρ scat ter ing i s a difficult experimental
task. F i r s t , the Λ-part ic le lifetime, which i s long in the
nuclear scale, i s too short to be able to obtain a beam
of Λ p a r t i c l e s with an a c c e l e r a t o r . The problem i s a lso
made complicated by the fact that the Λ part ic le has no
charge. In addition, the Λ part ic le i s a ra ther r a r e
event terminating a long chain of react ions. To obtain Λ
par t ic le s it i s customary to use a beam of negative Κ
mesons and a hydrogen target. The Λ par t ic les produced
in the K"p react ion a r e scat tered by the target protons.
The react ion and the spectrum of the obtained Λ par t i -
cles a r e shown in Fig. 2. Seventy p e r cent of the Λ par-
t ic les a r e obtained from the react ion K'p — ΣΟ7Τ°,
Σ° — Αγ. In all the experiments performed on Λρ scat-
ter ing, neither the beams nor the ta rge t s were polarized.
This r a i s e s a ser ious difficulty in the interpretat ion of
the resu l t s .

The c r o s s section for e last ic Λρ scat ter ing is s imi lar
to the c ross section for elast ic nucleon scattering, but
i s s m a l l e r by an approximate factor of 5 (Fig. 3). Owing
to the scanty s ta t i s t ics , no study of the differential c r o s s
section was made. Instead, two ra t ios in the angular dis-
tribution, front-back (F/B) and pole-equator (P/E), were
calculated (Fig. 4). At low energies (p < 250 MeV/c),
άσ/dil i s i sotropic, and at higher energies a certain in-

crease of F/B i s observed. The low-energy Λρ scat ter-
ing is described by four p a r a m e t e r s , the singlet and
tr iplet scattering lengths ( a s , at) and the effective radi i

( r s , r t ) :

β Ί - Η ^ ν + ( -^Η+" ; {2Λ)

here k is the momentum in the c.m.s . of Λ and p. Ex-
press ion (2.1) i s meaningful if it i s assumed that a pure
s-wave i s produced in Λ ρ scatter ing. The F/B and P/E
rat ios show that this is satisfied at least at
ρ = 200—240 MeV/c. In fact, the conditions a r e some-
what le s s stringent, for in the case of a large s-wave
the small p-wave, by interfering, can produce a large
F/B rat io while making a small contribution to the total
c r o s s section. To separate the contributions of the sing-

Ά+γ

FIG. 2. Spectrum of Λ
particles produced in K"p reaction. !
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let and triplet spin states it is necessary to employ
additional considerations. To determine the scattering
lengths and the effective radii, the χ2 method is used,
i.e., the expression

•WO

ί_ V [<("»• "t. τ,· Γ ( )-σ°ρ ( 2 . 2 )

where

certain values of the momentum kn, and

1 9 6 4 5

1966 ·

1 9 6 8 '

1 9 6 8 8

<*s
- 3 . 6
- 2 . 4 6

- 1 . 8

- 2 . 0

Η
- 0 . 5 3

- 2 . 0 7

— 1.6
- 2 . 2

3.87

2.8

5.0

4.5(

3.3

3.5

^ are the experimental values of σ Λ ο for

of the momentum kn, and σ ^ denote the
values of A ^ p calculated in accordance with formula
(2.1) at the same points. Since we know that (2.1) des-
cribes well the scattering at low energies, the use of the
χ 2 method makes it possible to determine the scattering
lengths and the effective radii. However, the results of
such a procedure do not agree with one another:

x io~13 cm

The reasons for this disparity lies in the large ex-
perimental errors . Sets of parameters which are only
insignificantly worse in the sense of χ2 fitting, may dif-
fer strongly from the "bes t " values (Table Π and
Fig. 5). It is necessary to increase greatly the accuracy
of the experiment in order to limit to some extent the
region of permissible Λ Ν potentials.

Note the following curious fact. If the old data^53 are
discarded, and the remaining results are averaged, then
they turn out to fluctuate about the same values a s « aj.
κ -2.0 x 1CT13 cm and r g » r t κ 3.8 x 10"13 cm.

The only conclusion that can be drawn from the
" b e s t " parameters cited by the authors is approximate
equality of the singlet and triplet scattering lengths,
a s /at ~ 1. In other words, it is more likely that the
singlet and triplet potentials V s and Vj. of the AN inter-
action are close. But the large errors force us to re-
frain from final conclusions.

The lack of neutron targets also makes a direct veri-
fication of the charge independence of the ΛΝ forces
impossible.

3. THEORY OF AN FORCES

The theory of AN forces, as in general the meson
theory of strong interactions, is far from complete and
will therefore not be considered here (a detailed exposi-
tion of the present state of the theory of AN interactions

tOO 200 300 ftMeV/c
FIG. 5. Cross section for elastic Λρ scattering according to Sechi-

Zorn et al. [ 8 ] . A(2)—best set of parameters in accordance with the χ 2

criterion (a s =-2 .0 X 10"13 cm, r o s = 5.0 X 10' 1 3 cm, a t =-2.2 Χ 10"13

cm, r ot = 3.5 Χ 10"13 cm). The sets B(3) (pure triplet) and F(l) (weak
triplet) are given in Table II.

i s contained in a r e c e n t l y publ ished r e v i e w by Delof i 1 8 - 1 ) .

Certa in c o n c l u s i o n s of the m e s o n theory, however, have

e x e r t e d a s trong inf luence on the phenomenolog ica l

a n a l y s i s of hypernucle i , and t h e s e must be mentioned in

o r d e r to understand the c o n s i d e r a t i o n s frequently

governing the cho ice of the p a r a m e t e r s of the potent ia ls .

Let us cons ider the s i m p l e s t d i a g r a m s d e s c r i b i n g the

AN interaction. The Λ particle has an isotopic spin
Τ = 0, and the isotopic-spin conservation law prevents
it from emitting one pion. The A particle is forced to
exchange at least three pions with the nucleon (Fig. 6a)
or else one heavier Κ meson (Fig. 6b). Such diagrams
make a dominant contribution to the AN interaction at
distances larger than R/2m7rc « 0.7 x 10~13 cm
(277-meson radius) and fi/mKc « 0.4 x 10~13 cm
(K-meson radius). In the hypernucleus, the A particle
can exchange mesons also with different nucleons
(many-particle forces (Fig. 6c)). The diagrams corre-
sponding to exchange of a larger number of mesons de-
termine the interaction at shorter distances.

To find the form of the potential, it is necessary to
take into account all the possible diagrams, and not only
the indicated ones, something the theory is incapable of
at the present time. In practice, therefore, one uses
frequently phenomenological potentials that take into ac-

Table II. Sets of parameters of high-energy Ap scattering,
having the same χ2 deviation from the best setC 8 ]. The

degree of their agreement with experiment is
illustrated in Fig. 5

Parameter

as

rB

at

Range of variation

0 . 0 > o 5 > — 1 5

0 - 0 < r a < 1 5

0 . 6 > < i , > 3 2

2.5 < r , < 1 5

Complete solution
(«.. ',.'"f rt>

B = ( 0.0

C = ( - 1 5 . 0

£>=( 0.0

£ = ( 0,0
if = ( —8.0

G = ( —1.0

i f - ( —2.0

L = ( —1.0

0.0

11.0

0,0

15.0

1.5

3,0

15.0

6.0

—2.4

- 2 . 0

—2.4

—2.4

—0.6

—3.2

—2.0

—0.8

3.0)

3.0)

3.0)

3.0)

5.0)

4.5)

2.5)

15.0)
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a b c

FIG. 6. Simplest diagrams of ΛΝ interaction.

count certa in field-theoretical consideration, for exam-
ple the radius of the Λ Ν potential is chosen to be ap-
proximately equal to the 2π- meson radius . It is also
expected that the two- and three-par t ic le potentials a r e
comparable in magnitude, since thei r s implest d iagrams
have coupling constants of the same order of magnitude.

4. BINDING ENERGIES OF HYPERNUCLEI
(EXPERIMENT)

Experiments on low-energy Λρ scat ter ing yield in-
formation that admits of a r a t h e r broad interpretat ion.
However, even if the data were much more accurate, the

Table ΙΠ. Experimental values
energ ies ΒΛ (data on

class of potential satisfying the scatter ing would still
remain quite large . Much more sensitive to the form of
the potentials a re the binding energies . In this connec-
tion, the determination of the binding energies of hyper-
nuclei becomes part icular ly important. A s imi lar situa-
tion exis ts also in nuclear physics, but the experimental
mater ia l there i s much more accurate .

F r o m the point of view of the c h a r a c t e r i s t i c s of the
ΛΝ interaction, it i s convenient to use instead of the
binding energy the binding energy of the Λ part icle from
the hypernucleus, Β Λ = Μ Λ + M ( Z A - 1 ) - M ( Z A ) . Table
ΙΠ l i s t s the separation energies for light hypernuclei as
given i n ^ 1 7 ' 1 8 ] . The values of B^ for hypernuclei, not
indicated in Table ΠΙ, for example Li^°, a r e l e s s rel iable
and a r e shown only in Fig. 7. The hypernucleus L i ^ ,
reported by Harmsen^ 1 9 ^, is not included in the table,
since this event has been interpreted within the frame-
work of the known hypernuclei'-20-'. The first striking
fact i s the absence of bound s ta tes of the sys tems Λρ and
ΛΝ, which agrees with the scattering, namely, potentials
in which there a r e no bound s ta tes correspond to nega-
tive scattering lengths. The lightest identified hyper-
nucleus i s hypertr i t ium H^, and the heaviest is C ^ .

of the Λ-part ic le detachment
C " taken fromC 2 6 ])

Hyper-
nucleus

«A

Η Λ

H e A

H e A

H e A

Η " Λ

U A

B e A

u .

B e A

U A

B e A

B A

B »

Ck3

1

Total

. i-He 4

.-l-H2H2

H-H1H4

n-H»H.«

π-Li '
π-HiHe»

n-He 3 He 4

n- iUHiHiHei

π~Ηΐ№Ηβ*

k-HiBe'

π-Β»

π - B e '

ΗΤΟΓΟ

π - C "

ji-He«Be'

n -He«He4He4

Cajcwski et al. [ "]

Num-
ber of
events

26
6

32

208
21

2

48
1

288
2

4

5
3
2

16
9

4

12
1

4
1
2

5
3
1

33
6

39

4

2
1

11

MeV

0 . 1 3 + 0 . 1 5
0 . 3 3 + 0 . 2 1
0.2 + 0 . 1 2

2 .20+0.07

1.86+0.10

2 . 2 0 + 0 . 0 6

3 . 0 8 + 0 . 0 3

4 .09±0.27

4 . 6 7 + 0 . 2 8

5.46+0.12

4 . 8 1 + 0 . 5 3
4 . 7 0 + 0 . 5 2
4 . 2 4 + 0 . 4 6
6 . 9 2 + 0 . 4 0

6 . 7 2 + 0 . 0 8

6.07+0.16

8 . 2 7 + 0 . 1 8

6 . 6 8 + 0 . 0 9
6.61+0.17
6 . 6 6 ± 0 . 0 8

10.30+0.14

11.26±0.16

Bohm et al. [ l e ]

Num-
ber of
events

80
16

102

552
63

7

127
3

724
10

1

7

1
1

1
32

7

7

153
2

1

13
2
7

5

126
10

136

1

1

13

Β Λ ± ΔΒ Λ .
MeV

+ 0 . 0 5 + 0 . 0 8
— 0 . 1 1 + 0 . 1 3

0 .01+0.07

2 . 2 9 + 0 . 0 Ί

2.08+0.06

2 . 3 6 + 0 . U4

3.08+0.02

4 . 3 8 + 0 . 1 9

6 . 0 9 + 0 . 5 4
3 . 7 5 + 0 . 2 8

5.60+0.07

5.06+0.19

6 .84±0.06

6 . 8 7 + 0 . 0 8

8 .23+0.19

6.69±0.U5
6 . 2 6 + 0 . 1 1
6 . 6 2 ± 0 . 0 5

9 . 9 9 ± 0 . 1 8

10.95±0.16

Combined results

Num-
ber of
events

112
22

134

700
84

9

175
4

1012
12

1

11

3
48
16

11

225
3
1

17
3
9

5
8
1

159
16

175

4
3
2
2

24

11

Β Λ ± Aft
MeV

0.07+0.07
0 . 0 1 + 0 . 1 1
o . o e ± n . u 6

2 . 2 8 + 0 . 0 3

2 . 0 2 + 0 . 0 5

2 . 3 1 + 0 . 0 3

3.08+0.02

4 . 2 8 ± 0 . 1 5

He ycpoflne-
tio

5.57+0.06

4 . 9 1 ± 0 . 1 6

6 . 8 0 + 0 . 0 5

6 8 3 + 0 . 0 7

8 . 2 5 ± 0 . 1 3

6 . 6 9 + 0 . 0 4
6 . 3 7 + 0 . 0 9
6 . 6 3 ± 0 . 0 4

10.18+0.11

11.10±0.11

11.39+0.15
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_ Gajewski
- Chaudhari
- Mayeur
- Goodheat and Evans
- Bhowmik
- Klabuhn

2 3 4 5 6 I 3 9 tu It 12 13 fi 15 A
FIG. 7. General course of the dependence of the Λ-particle detach-

ment energy Β Λ on the mass number A. The data are taken from [ "·23·
22,24-261

Heavier hypernuclei remind us of a shapeless m a s s .
The only thing that is known concerning them is that they
do exist. It is difficult to obtain more detailed informa-
tion on heavy hypernuclei for the following reasons . The
binding energy of a hypernucleus is obtained by deter-
mining the kinetic energy of the decay products . The
l a t t e r i s direct ly connected with the range of the decay
par t ic le s in the emulsion. But if the nuclear fragments
a r e in excited s tates , o r if the decay i s accompanied by
a certa in number of neutrons, which cannot be noticed
in the emulsion, then the excitation energies and the
kinetic energy of the neutrons cannot be measured and,
dropping out of the energy balance, they make it possi-
ble only to obtain the upper bound of the binding energy
(or the upper bound of B^). Emiss ion of neutrons also
makes it difficult to identify the decaying hypernucleus.
Therefore al l that can be obtained for heavy hypernuclei
so far a re rough es t imates of the separation energy.
According to the data of Bhowmik et al . t 2 1 ^, for example,
for hypernuclei with m a s s number A « 35—80, the upper
bound of Β Λ l ies in the region from 22 to 24.5 MeV.
Similar values were obtained also in other investiga-
tions. This question i s considered in detail in Chap. 7.

As already mentioned, a direct study of ΛΝ interac-
tion i s still impossible, and the charge independence of
ΛΝ forces must be a s s e s s e d from the difference between
the values of B^ for m i r r o r nuclei, for example for H4^
and H e A . It i s assumed h i 1 7 ' 1 8 ' 2 2 } that the difference
Δ Β Λ = Β Λ ( Η β Λ ) - By^H^) exceeds the experimental
e r r o r s and equals +0.28 ± 0.07 MeV. But irf2 3 3 it i s
stated, with the same degree of accuracy, that there is
no difference at all, Δ Β Λ = +0.04 ± 0.11 MeV. It i s
therefore advisable to dwell in detail on the experimen-
tal procedure .

F r o m the point of view of r igor and amount of infor-
mation, par t icu lar interes t at taches to the work of
Gajewski et a l .^ 1 7 ] , and also i t s continuation by Bohm
et al.E18^1. As noted by the i r authors , the existing dispar-
i t ies in numerous investigations of the binding energies
of hypernuclei a re due apparently to the use of different
methods for calibration, measurement, analysis, and,
most importantly, different identification cr i te r ia . Since
the binding energies a re in essence the only source of
information on the ΛΝ interaction, the need for a r igor-
ous selection is obvious.

The resu l t s of the joint activity of two groups, the
European K" collaboration and the North-West collabora-

tion of the Enrico F e r m i Institute, a r e reported i n c i 7 ]

and^1 8^. In the laborator ies of both groups, under sim-
i lar conditions, a study was made of a large number of
decays of hypernuclei. After taking into account the dif-
ferences in the emulsion-stack thickness, the events
were processed in accordance with a single program.
The momentum balance in the direction of each axis was
calculated by least squares , and the obtained kinetic en-
ergy was used to determine the binding energies of the
hypernuclei. The validity of the method was verified for
the two most frequently encountered events, H e ^ — v~
+ ρ + a and L i ^ —· if + a + a. Decays containing neu-
t r o n s or charged par t ic le s with energy below the forma-
tion of the visible t rack in the emulsion, and events in
which the hypernuclei decayed in flight, were excluded.
Any possible solution involving hypernuclei or decay
modes whose existence has not yet been established was
discarded. The only two-particle decays included were
those for which there was additional information facili-
tating the identification (0 radioactivity of the recoil
nucleus, emiss ion of a p r i m a r y s t a r configuration, etc.).
The values of Β A given by Gajewski et al> 1 7 ^ and by
Mayeur et alJ22^1 have a possible systematic e r r o r of
0.15 MeV. In a later paper by Bohm et a l .^ 1 8 ] , the possi-
ble systematic e r r o r was decreased because of the re-
finement in the range-energy relat ion in the emulsion.
It is interesting that Β Λ determined for H^ from two-
part ic le and three-part ic le decays differt 1 8] by 0.21
± 0.07 MeV. It i s assumed^ 1 8 3 that this difference i s due
to unidentified experimental e r r o r s and that the differ-
ence can be eliminated by a more careful performance
of the experiment.

5. s-SHELL HYPERNUCLEI

Among the s-shell hypernuclei a r e H^, H^, Hejy, and
Hey^, which a r e obtained by attachment of the Λ part icle
to Η 2, Η3, He 3 , and He 4, respectively. Even the simplest
hypernucleus, Η Λ , consis ts of three par t ic les , and the
calculation of the hypernuclei is essential ly a many-
body problem. The s-shell hypernuclei, containing the
smal lest number of par t ic les , a r e the most amenable to
calculation, and have therefore been investigated more
thoroughly than other hypernuclei.

Although the number of investigations devoted to the
spectroscopy of s- shell hypernuclei is quite large^-29"56-',
there a re no firm resu l t s . As the experimental values
become refined, the p a r a m e t e r s and the r o l e s of the
individual components of the ΛΝ interaction become
continuously reviewed. It i s therefore meaningful to
dwell only on the main problems of the spectroscopy of
hypernuclei, with i l lustrat ions using individual investi-
gations as examples.

5.1. Spins of Hypernuclei

Depending on the direction of the Λ-part ic le spin, the
spin of the hypernucleus can be l a r g e r or s m a l l e r by
1/2 than the spin of the nucleus. Only for nuclei having
zero spin, such as He4^, it i s known beforehand that the
spin of the ground state of the corresponding hyper-
nucleus (He4^) i s 1/2. So far no direct experiments on
the determination of the spins of hypernuclei have been
performed, and when one encounters in the l i te ra ture
the statement that the spin of the ground state of some
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hypernucleus is known, one has in mind theoretical cal-
culations made by certa in p e r s o n s and leading to such a
conclusion. All the calculations of the binding energies
of the Λ par t ic les for s- shell hypernuclei a re in sat is-
factory agreement with experiment only if it i s assumed
that V s > Vj (the singlet potential exceeds the tr iplet
potential). In other words, the Λ part ic le sett les in the
nucleus in such a way that the spin of the hypernucleus
is smal le r by one-half than the spin of the nucleus. A
s imi lar conclusion was ar r ived at by an investigation of
the decays of hypernuclei^ 2 7 ' 2 8 ^. Although these resu l t s
a r e not a r igorous proof, they favor spin values 1/2 and
0 for the hypernuclei H^ and H ^ (He^).

5.2. P a i r e d ΛΝ Potentials

The s implest paired potentials a r e described by two
p a r a m e t e r s , depth and width. The p a r a m e t e r s charac-
ter iz ing the depths and widths of potentials with differ-
ent shapes a re not direct ly comparable. For convenience
in comparison, two other prob lems a r e chosen, namely
the depth p a r a m e t e r s, the number by which it is neces-
sary to divide the potential in o r d e r that the binding en-
ergy of the interacting p a r t i c l e s be equal to zero, and
the character i s t ic action radius b. The form and the
p a r a m e t e r s of the most widely used potentials a re l isted
in Table IV, which is taken from^2 9^. By proper choice
of p a r a m e t e r s , any of them can descr ibe low-energy
scatter ing. Frequently one introduces into the potential
an infinite repelling wall of radius r c , i .e., one more
p a r a m e t e r i s added. The repelling wall is introduced in
the ΛΝ potentials by analogy with the nucleon potentials.
But whereas in nuclear physics this is required by
saturat ion of the nuclear forces and by the course of the
scatter ing phase shift at high energies, there is no such

Table IV. Depth p a r a m e t e r s and character i s t ic
radius b for the most widely used types of

potentials

Type of potential

Square well

Gaussian potential

Exponential potential

Yukawa potential

V (r)

0 r>6

_iV- 2" s

e-rl»
° r/β

Depth
parameter s

~W ~1X~

0.37261 MV°P

0.17291 MV

Ff

0.59531 ^ ^

Characteristic
radius of
action b

1.4354β

1.7706β

2.1196β

n e e d f o r h y p e r n u c l e i . B ^ c e a s e s t o g r o w b e c a u s e of t h e

finite radius of the ΛΝ forces . Even the very existence
of the hypertrit ium H^ can yield an est imate of the
depth of the ΛΝ potentials, s > 0.36 (see the Appendix).

The most complete analysis of the binding energies
of Λ par t ic les was performed by Herndon and TangC30~32].
They investigated the dependence of the c r o s s section of
Λρ scatter ing and Β Λ for s- shell hypernuclei on the
radius of an infinite repelling wall, on the action radius
b, and on the form of the Λ Ν potentials. The calculation
of B^ was car r ied out by a variational method and using
potentials of the type

V.. t (r) =
I

r < r c . (5.1)

in accordance with the following scheme. The values of
U s and Ut were determined for a certain number of se t s
of p a r a m e t e r s λ and r c from the hypernuclei H3^, H4^,
and He\, after which Β Λ (Ηβ^) and σ Λ ρ were calculated.
The employed p a r a m e t e r s and the resu l t s of the calcula-
tions a re given in Table V. Herndon and Tang's resu l t s
lead to the following conclusions: If the Λ Ν interaction
can be represented by a central two-particle potential,
then i t s approximate value of b should be 2 χ 10~13 cm
(at lower values of b we have a s / a j <; 4, which contra-
dicts the scattering) and a repelling wall, a hard core of
radius of about 0.6 χ 10~13 cm at a weak spin dependence
s t / s s « 0.8.

The effect of the dependence of B^ on the form of the
potential was investigated by Dalitz and Downs^ 3 3 ] with
a pure attract ive potential at values of b from 0.84
χ 10"1 3 cm to 1.48 χ 10"13 cm. Using H3

A a s an example,
they found that a Yukawa potential and a potential of ex-
ponential form, with the same value of b, lead to the
same value of s and to the same scatter ing lengths.
This result has shown that the role that H3^ plays in
hypernuclei is s imi lar to the role of the deuteron in
nuclear physics, making it possible to get along with a
small number of p a r a m e t e r s and assume that B^H 3 ^) is
not very sensitive to the form of the ΛΝ potentials.
Herndon and Tang car r ied out a s imi lar a n a l y s i s ' ^ not
only for H3^, but also for H^ and H e ^ , and also reached
the conclusion that the choice of the form of the a t t r a c -
tive par t of the ΛΝ potential i s not cr i t ical for B^ of
s-shell hypernuclei. It i s seen from the resu l t s of
Herndon and Tang that potentials fitted to agree with
scattering, and Β Λ for H3^, H ^ , and H e ^ , resul t in too
high values of B^ for H e ^ . This was the first danger

signal. Bodmer^ 3 4 ] , to be sure, advanced the next possi-
ble explanation. In describing the Λ-He 4 interaction

Table V. ΛΝ-potential p a r a m e t e r s used by Herndon and
C30"32] in the analysis of s- shell hypernuclei

Type
of

poten-
tial

Λ
Β
C
D
Ε
F
G

Ε

.=-2

1.5
1.5
1.5
1.5
2.0
2.0
2.5

I

0
0.30
0.45
0.60
0.45
0.60
0.60

e

2.361
3.935
5.902

11.804
3.219
4.427
2.727

Me
v

204.0
685.9

1664.5
7187.2
451.7
910.6
320.1

Me
v

114.8
529.8

1450.8
6751.9
402.1
861.4
319.3

g
υ

1 . 9 4
2 . 0 7
2 . 0 7

2 . 1 0

2 . 1 6
2 . 0 9

2 . 3 3

g

Γ»
0.74
0.X50.971.041.601.S42.04

g

2.25
2 162,142.083.153.154.19

1
-T=
3.48
3 V.3.022.873.613.343.75

4
51
5.58
4.864.734.455.024.824.68

1

3.5
6.610.421.15.58.04.3
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within the framework of the meson theory, the Λ par t i -
cle, exchanging a pion with He 4 (see Fig. 6a), goes over
virtually into a Σ hyperon, and at the same t ime He 4

should be in a highly excited s tate . Consequently, owing
to the large excitation energy, this interact ion channel
in H e ^ may be suppressed, i .e., the ΛΝ interaction in
H e ^ possibly differs from the interaction in other hyper-
nuclei. However, a s shown in^3 5^, the potentials chosen
to agree with scat ter ing overes t imate the binding energy
not only of H e ^ , but a l so of the next heavier hypernuclei
in the p-shell . Alth—gh there a r e other possibi l i t ies of
suppressing this effect in the p-shel l , to es t imate of the
rea l dispari ty it i s m o r e reasonable to choose potentials
on the s-shell, and then calculate the Λρ-scatter ing
c r o s s section, since the degree of dispari ty i s deter-
mined by the degree of agreement with the c r o s s sec-
tion, and not with the " b e s t " scat ter ing p a r a m e t e r s ' ^ .
It may be possible to lower B^(He^) by increasing the

radius of the singlet interaction1^4 '3 7^ (so far it has been
assumed in the analysis that b s = bj·).

5.3. Violation of Charge Independence of AN F o r c e s

The degree of violation of charge independence in AN
forces can be a s s e s s e d from the difference between the
values of B^ for the m i r r o r nuclei H4^ and He4^,
Δ Β Λ = Β Λ (He A ) - Β Λ (Η Λ ) = +0.28 ± 0.07 MeV
(at Β Λ (He A ) « Β Λ (Η Λ ) » 2 MeV). We see that the inter-
action violating the charge independence makes an ap-
proximate contribution of 10% to B^. Herndon and

t31^1 propose that such an interaction i s of the form

# Μ - - τ (5.2)

where the quantities λ and r c have the same meaning as
in Sec. 5.2, and Vo i s the force p a r a m e t e r . At the se ts
of potentials used by them to reconstruct Δ Β ^ for the
nuclei He4^ and H4^, the value of Vo should change from
3.5 MeV to 21.1 MeV (see Table V). Knowing Vo, we can
find the proton and neutron potentials separately, using
the formulas

(5.3)

We shall not present the corresponding figures, since
the changes a re smal l and do not affect the conclusions
of Sec. 5.2.

5.4. Three-par t ic le F o r c e s

An analysis of s-shell hypernuclei with paired cen-
t r a l AN potentials whose radius was chosen to be
1.5 χ 10~13 cm, in accordance with 2jr-meson exchange,
has led to a strong spin dependence of the AN forces
(a s/a(- f» 4). This fact gave r i se to the opinion that the
data on s-shell hypernuclei contradict Λρ scatter ing
(a s/a(. w 1). Herndon and TangC313 have shown that this
contradiction can be weakened by increasing the radius
of the potential (see Sec. 5.2). Weitzner [ 3 8 : l was the first
to indicate the possibility of calculating the binding en-
erg ies of s-shell hypernuclei with two-particle AN po-
tentia ls without a strong spin dependence, owing to the
three-par t ic le ANN repulsion. This, however, could not
be done for a long t ime for the following reasons . The
long-range three-par t ic le ANN potential i s due to ex-

change of p-wave pions^ 3 9 ' 4 0] (the contribution of the
s-wave mesons was shown to be negligibly small) and
is of the form

Wp = — i Cp (t.ta) {[(σ,σΛ) + SlA (μχ) Τ (μχ)],

1(σ2σΛ) + 5 2 Λ (μ») Τ (μι/)]} φ (μχ) φ (μ^),

w h e r e C p i s a c o n s t a n t , {...} d e n o t e s t h e a n t i c o m m u t a -

tor , χ = rl — r A , y = r 2 — ryy,

(5.5)

μ i s a p a r a m e t e r character iz ing the decrease of the po-
tential. For 2π exchange, μ = 1.3992 χ 10 1 3 cm" 1 . A
more detailed study of the ANN potential was carr ied
out by Bhaduri et alP9^ They found that in all the pre-
ceding investigations the central p a r t of W was ignored
without justification. If a cutoff radius d is introduced
and it is assumed that W = 0 at x, y < d, then at C p

= 1.43 MeV the value of B A (He^) d e c r e a s e s by 2 and
3.5 MeV for d equal to 1.0 x lO^13 and 0.6 χ 10"1 3 cm,
respectively. Such a d e c r e a s e , as seen from Table V, is
quite desirable. ,

5.5. Tensor AN F o r c e s

The tensor AN forces do not influence Byy of hyper-
nuclei strongly. But whereas the role of the tensor for-
ces in hypernuclei is negligible, the AN-scattering
p a r a m e t e r s a re sensitive to the force of the tensor com-
ponent. This r a i s e s the question of whether it i s possi-
ble to attribute the contradiction between the analysis of
the s-shell hypernuclei and scattering experiments to
the tensor AN forces.

Schrils and Buxton [ 4 i : ! investigated Η Λ with AN po-
tentials containing a tensor component

( 5 . 6 )

where S ^ J J i s defined in (5.5), and δ is a p a r a m e t e r
regulating the force of the tensor part . The binding en-
ergy of Η Λ was assumed to be E b = -2 .476 MeV, i.e.,
Β Λ = 0.251 MeV. According to the resu l t s (Table VI),
the short-range tensor component of the Λ Ν interaction
gives a negligibly small contribution to the binding en-
ergy of H \ , in accordance with the e a r l i e r s tatements
by Downs and Dalitz^ 4 2 3 . Definite information concern-
ing the radius and depth of the tensor forces cannot be
obtained, since different se t s can lead to identical re-
sults. The tensor component strongly influences the
scatter ing p a r a m e t e r s , and this makes it possible to
find potentials that agree well with the binding energy of
H ^ and the scatter ing p a r a m e t e r s , without introducing
an infinite repell ing wall into the p o t e n t i a l s ' ^ .

6. p- SHELL HYPERNUCLEI

All the remaining identified hypernuclei correspond
to nuclei with nucleons in the p-shell . The experimental
data on the binding energies of the p-shell hypernuclei
a re more plentiful but of p o o r e r quality than for the
s- shell. In addition, the value of the spin has been es-
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Table VI. Influence of tensor component of Λ Ν interaction
on the scatter ing lengths and on the effective radii^ 4 1^.

All the potentials give the same binding energy for
Η Λ . Sets 4 and 5 (V^ > V^) contradict the proposed

value of the ground-state spin ( l/2).

1
2
3
4
5
6

MeV

27.90
28.735
44.605
49.440
49.535
28.735

MeV

41.76
41.52
47.34
48.41
48.25
41.55

1.0
1.0
1.1
1.125
1.125
1.0

δ

3.0
5.3
1.55
0.3
0
0

loi3V

c'm-i

1.5
2.0
2.0
2.0

10-13 cm

2.08
2.08
2.08
2.08
2.08
1.26

10-13 cm

3.39
3 40
3.40
3.40
3.40
5.31

10-13 cm

2.76
2.72
2.13
1.97
1.95
2.73

lo-iacm

3.56
3.59
3.48
3.49
3.50
3.58

tablished only for one hypernucleus, viz., the spin of Li
i s equal to 1 (from the decay correlat ions) . Just as in
nuclear physics, calculations in this region are the most
difficult, since the number of par t ic les is much l a r g e r
than in s-shell hypernuclei, and at the same time it is
not large enough to satisfy the stat ist ical laws. To sim-
plify the calculations it i s therefore customary to use
definite assumptions concerning the nuclear- core s truc-
t u r e .

In most investigations, two types of assumptions a r e
used. The first presupposes that the core has a c luster
s t r u c t u r e [ 5 8 > 2 ] : For example, Be^ is regarded a s two a
par t ic le s plus Λ (2a + Λ), C A a s 3» + Λ, H e A a s a + η
+ Λ, and L i A a s a + d + Λ. Thus, the number of bodies
considered in the problem i s great ly reduced. The po-
tentials describing the interaction between the c lus ter s
and the Λ part ic le a re adjusted to fit the binding ener-
gies of the l ighter nuclei and the hypernucleus, and to
fit the scatter ing of the c lus ter s . In the second type of
assumption it is proposed that the Λ part icle is located
in the self-consistent nucleon field made up of the Λ Ν
potentials and the nucleon density^-62'64-':

V (rA) = j PN (r) VAN (| rA - r |) dt; (6.1)

h e r e p(r) is the nucleon density of the core nucleus, and
V A N is a certa in average ΛΝ potential independent of
the spin-isospin var iables of the nucleons.

Both approaches have shortcomings. In the first case
the accuracy of the c lus ter model is not certain. In the
second approach we do not know how the lambda-nucleon
corre la t ions a r e to be taken into account in the presence
of strong repulsion in the Λ Ν potentials at short distan-
ces.

An analysis of the s-shell hypernuclei makes it possi-
ble to determine only the Λ Ν interaction in the s-state .
In heavier hypernuclei, the binding energy depends also
on the interaction in a state with higher angular momenta
and, for example, calculation of the binding energ ies of
the p-shel l hypernuclei can yield information concerning
the strength of the Λ Ν potentials in a state with relat ive
orbital angular momentum / = 1. Brink and Grypeos^6 5^
verified, in the osci l lator model, whether it i s possible
to reconstruct the experimental values of B A by assum-
ing that the potentials acting in the s tates with 1 = 0 and
1 = 1 a re equal. Figure 8 shows the r e s u l t s of their
calculation with the potential

oo, r<c,
— Foexp[ — b(r — e)], r>c

at c = 0.4 χ 10"1 3 cm, Vo = (3Vt + V s)/4 = 330.9 MeV, and

FIG. 8. Dependence of Λ-parti-
cle detachment energy in p-shell
hypernuclei on the ΛΝ interaction
force in the p-state after Brink and
Grypeos [6 S] (see the text). The
black points represent the experi-
mental values of B^.

I-

b = 3.219 χ 10 1 3 cm, which yields B A ( H e A ) . The ΒΛ(Α)
curve descr ibes the detachment energy with V A N (Z = 1)
= V A N [I = 0), while BA(A) descr ibes it with V A N (I = 1)
= 0. A s imi lar result was obtained also for the ΛΝ po-
tential with a s h o r t e r radius and a l a r g e r strength.
Thus, to reconstruct the experimental values of B A , it
is necessary to suppress the strength of the ΛΝ inter-
action in the p-state . The same conclusion was reached
by Ho and Volkov^6 7 ], but their values of Bŷ  were too
high even at V A N (I = 1) = 0. We note that the Ho and
Volkov Λ Ν potentials give too high a value already for
H e A , and their numerical values must therefore be r e -
vised.

The identified p-shel l hypernuclei a r e an inconvenient
object of such investigations, since an important role
may be played in them by tensor and spin-orbit ΛΝ for-
ces. The most suitable for this purpose would be the
hypernucleus O A , but it has unfortunately not been iden-
tified as yet.

The spin orbit Λ Ν interaction was included in the
analysis of Β Λ for the p-shell by G a l [ 6 8 ] (shell model
with intermediate coupling). For a best fit the matr ix
element for this interaction between the p 3/ 2 nucleon and
the Λ part ic le in the s state should equal 0.84 MeV. By
comparison, the corresponding matr ix element of the
NN interaction is equal to —1.1 MeV. The necessary
values of the si forces of the Λ Ν interaction is compar-
able in magnitude with the si forces of the NN interac-
tion (but of opposite sign, as can be readily understood
using any simple theory of Λ Ν forces), and r e p r e s e n t s
a sufficiently large energy with respect to deviations of
B A from its average A-dependence.
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7. HEAVY HYPERNUCLEI

One can hardly expect the Λ particle in a heavy nuc-
leus to be able to cause any appreciable change in the
nucleon distribution. One can therefore imagine a Λ par
t i d e situated in a Λ-nuclear-core potential of the type
(6.1), having a radius R = r 0A l / 3 (r0 « 1.2 χ 10~13 cm ac-
cording to the usual nuclear estimates) and a depth D A .
Then

(7.1)

For A ~ 60, the last term in (7.1) is approximately
equal to 7 MeV. For a A-nucleus potential in the form
of a square well it is also easy to write down the suc-
ceeding terms of the expansion

(η Ο\
( 7 · 2 )

w h e r e

\)li*]in r0A
m. (7.3)

F o r m u l a (7.2) i s frequently u s e d by e x p e r i m e n t e r s , with

ΒΛ replaced by D A . Since lim Β Λ = ϋ Λ , the quantity
A —«J

D A is taken to be the binding energy of the Λ particle in
nuclear matter.

The experimental determination of D A is based on a
study of the π"ρΓ modes of the decays of the disintegra-
tion hypernuclei produced when K" mesons interact with
silver and bromine nuclei in nuclear emulsion. A value
D A = 27 ± 3 MeV was obtained inC 7 o : l, but under an as-
sumption concerning the mass distribution for the dis-
integration hypernuclei. The succeeding refined value
D A = 27 ± 1.5 MeV is already free of this assumption117111.
The true value may lower since one determines, strictly
speaking, the upper limit of D A (B A ), and the statistics
in the last experiment is relatively limited. We present
also a few other results: D A ± 33 ± 2.5 MeV[72: i, D A

s ± 2 MeV [ 7 3 ], and the already mentioned B«
= 22-24.5 MeVC21].

On the whole, the picture does not contradict strongly
the homogeneous Λ-plus-interaction-nucleus model with
a standard distribution of the nucleon density and with
the usual parameters of the radius and of the smearing
of the surface, which yields D A = 30 MeV when BA is
adjusted to agree with C A . This, of course, must not be
taken too seriously, but nevertheless the homogeneous
model, which is the simplest possible, ensures a
reasonable interpolation curve between C1 3 and the
heavy disintegration hypernuclei with A w 80—100.

The theoretical situation, connected with the direct
calculation of D A from the AN (and ANN) forces ob-
tained from Ap scattering and Β for the s-shell, is still
mainly unsatisfactory1174"85^. To obtain DA near the em-
pirical value it is necessary to make rather strong as-
sumptions, motivated mainly by the attempt to obtain
such an agreement. It is difficult to obtain a value of D.
much lower than 40 MeV on the basis of any AN potential
that is acceptable in all other respects. Even the as-
sumption that the AN interaction in the ρ state is equal
to zero gives with difficulty a value lower than 35 MeV.

8. EXCITED STATES OF HYPERNUCLEI

Excited states of hypernuclei exist without a doubt.
For example, a core nucleus in the excited state can re-

t a i n a A p a r t i c l e . S u c h s t a t e s , h o w e v e r , w h i c h d e c a y v i a

y - q u a n t u m e m i s s i o n , h a v e a s a r u l e a l i f e t i m e of

1 0 ~ 1 4 s e c , w h i c h i s m u c h s h o r t e r t h a n t h e A - p a r t i c l e

l i f e t i m e ( 1 0 ~ 1 0 s e c ) . T h e h y p e r n u c l e u s i s t h e r e f o r e u s u -

a l l y e m i t t e d , a n d t h e n d e c a y s o n l y f r o m t h e g r o u n d s t a t e .

T h e s t u d y of e x c i t e d s t a t e s w i t h l i f e t i m e s m u c h s h o r t e r

than 1O~10 sec calls for a direct observation of the γ
rays emitted on going to the ground state, and since γ
quanta can be emitted also in other processes, for ex-
ample during the production of the hypernuclei, they
must be measured for coincidence with the decay pions.
Such an experiment calls for an intense K-meson flux,
which is as yet unobtainable.

On the other hand, if the y-decay time is comparable
in magnitude or is longer than the hypernucleus A-decay
time, then decays of hypernuclei of a given type from the
excited state should be observable. This would be mani-
fest experimentally in the appearance of a second peak
in the Β Λ distribution. Although for most hypernuclei
the statistics are too skimpy to state categorically that
such states exist or do not exist, it is more likely that
we have two hypernuclei in which the existence of such
long-lived isomeric states (i.e., not differing from the
ground state with respect to the lifetime) is quite realis-
tic. These are the hypernuclei He^ and L i A (Fig. 9).

The first to indicate the possible existence of an iso-
meric state of ΗβΛ were Pniewski and Danysz.C86;l The
isomer HeA* corresponds to a A particle joined to the
excited state He6* located above the threshold for dis-
integration into a + 2n. This J = 2* level in He7 splits
into J = - 5/2+ and J = 3/2+, and if the singlet AN inter-
action is stronger than the triplet interaction, the
J = 3/2+ level lies lower. Calculations of the electro-
magnetic-transition probabilities by Elton [ 8 7 ], Law t 8 8 ],
LodhiC89] (for E2 transition), Rayet (for Ml transition),
and Dalitz and Gal [ 9 1 ] show that the lifetimes of such
states are longer than in hypernucleus decay (for exam-
ple, Law and Lodhi give lifetimes T(E2) > 10"9 and
~ 10"6 sec, respectively).

The B A distribution for Li7 is likewise not Gaussian,
but there is no pronounced second peak, and the devia-
tion can be interpreted in principle as a fluctuation or as
an error in the identification of certain events. The iso-
mer state in Li A is at present a purely experimental

3 4 5 6 7 8 fiA.MeV

FIG. 9. Histograms of Β Λ for Li^ and He^ (Bohm et al. [ 1 8 ]) .
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question, since the theory r e q u i r e s as yet unavailable
information on the ΛΝ interact ion^ 9 3 3 .

Great interest i s attached to the question of the exci-
ted state of the m i r r o r hypernuclei H e A and H A , a state
ar is ing as a result of splitting of the level corresponding
to the ground state of the core, H 3 or He 3 . The magni-
tude of the splitting is direct ly connected with the
proximity of the singlet and tr iplet potentials, and its
determination yields new reference points in the region
most accessible to calculations. All that can be stated
at present i s that the excitation energy e* is more likely
to lie in the range 0 - 1 MeV [ 3 7 3 . One can hardly expect
this level to be i somer ic , since i s o m e r i s m requi res
e* < 0.1 MeV, and most phenomenological potentials
yield much higher values (Table VII). Although the B A

distr ibutions a r e quite smeared (lack of s tat is t ics), they
a r e also quite close to Gaussian.

It i s expected that H A has a J = 3/2+ level lying close
to the ground J = l/2 + level (due to the proximity of the
s- and t-ΛΝ interactions), and having proper t ies analog-
ous to those of the deuteron virtual l e v e l [ 4 ' 3 7 3 . The
J = 3/2* level can hardly be located in the discrete reg-
ion, since B A ( H A ) is very small , and this requires
almost complete equality of the singlet and tr iplet poten-
t ia l s .

Attempts to find the location of the unstable s ta tes of
L i ! and B e A in emulsion were unsuccessful^ 2" 3. Re-
cently, however, proof was obtained of the possible exis-
tence of unstable s tates of C A and N " , produced upon
absorption of stopped K" mesons^ 9 3 3 . The analysis of
the reaction products was l imited to the configurations
B A or C A , TT", and one more t rack belonging to the pro-
ton. P e a k s at 156 and 169 MeV were observed in the
pion distribution, thus indicating the two-step react ions

Κ- + Ν14

• i r i H ' 4 -ΒΛ1,
(8.1)

Rough pre l iminary p a r a m e t e r s of these s ta tes a r e
given in Table VIII. B A denotes the binding energy of the
Λ part ic le in the given state, E* i s the excitation energy
relat ive to the ground state of the hypernucleus; the

Table VII. Excitation energies of the hypernuclei
H A and H e A after Tangt 3 7 3 . The p a r a m e t e r s

of the potentials a r e given in Table V

Type of
potential

.1
Β
C

<

"1-

Mev

0.49
0.58
0.75

Mev

1.42
1.33
1.16

Mev

0.15
0.24
0.39

e>,
Mev

2.0Γ)
1.96
1.81

Type of
potential

D
Ε
f

Mev

0.75
1.50
1.73

e».
Mev

1.16
0.41
0.18

Hc'A

Mev

0.39
1.10
1.32

ε*,
Mev

1.81
1. 10
0.88

T a b l e V I I I . E x p e r i m e n t a l

c h a r a c t e r i s t i c s o f t h e

u n s t a b l e s t a t e s o f t h e

h y p e r n u c l e i C A a n d N A

v a l u e o f E * f o r N A w a s t a k e n u n d e r t h e a s s u m p t i o n t h a t

Β Λ = 13.3 MeV (this i s the result of extrapolation, since
the exact value has not yet been established). It is likely
that both s ta tes a r e stable against the emiss ion of a Λ
part ic le (this i s undoubtedly so in the case of N A * ) the
only strong decay mode i s proton emission. In the case
of N A * , decay to the excited state C A * i s possible. The
existence of the la t ter is almost certain, with
E* « 4 M e V [ 4 ] .

9. DOUBLE HYPERNUCLEI

Two double hypernuclei a re known at present . The
first, discovered by Danysz et a l . [ 9 4 3 in 1963, has not
been identified uniquely. Two interpretat ions a re possi-
ble, namely B e A A and B e A A . A character i s t ic attribute
of a double hypernucleus i s a two-step decay due to se-
quential decay of the Λ par t ic les it contains. The f irst
double hypernucleus i s usually interpreted a s B e A A be-
cause another interpretat ion would call for the decay
B e A — 2He" + Η2 + π', which was never observed. The
second double hypernucleus was observed by Prouse^ 9 5 3

and identified uniquely a s H e A A . The details of the
identification of these hypernuclei were described by
Filimonov.

The binding energy of the double hypernucleus is
character ized by the quantities Β Λ Λ (the energy required
to separate the two ΛΛ part icles) and Δ Β Λ Λ = B A A

— 2 B A , which is the change in the separation energy
compared with double the separation energy in the usual
hypercharge. The experimental values of B A A and
Δ ^ΛΛ a r e S i v e n * n Table IX.

The theory of ΛΛ interaction in double hypernuclei
has been developed in a number of papers , but no new
considerations, compared with the theory of the ΛΝ
interaction and with the calculation of hypernuclei, were
advanced ei ther in the mesonic theory of ΛΛ forces'-97"101-'
or in the analysis of the binding energies of double
hypernuclei^ 1 0 2 " 1 2 3 3 . Regardless of the interpretat ion of
the f irst double hypernucleus, the binding energies of
two hypernuclei can be described by any two-parameter
singlet ΛΛ potential (both Λ par t ic le s , being fermions,
a r e in the s-state with oppositely directed spins) having
a more or l e s s reasonable form. But in almost all the
calculations the potential i s fitted only to H e A A , and the
character i s t ic interaction radius b A A i s specified be-
forehand; usually b A A « 1.5 χ 10"13 cm, corresponding
to exchange of two pions.

The Λ par t ic les a r e much more weakly attracted than
a Λ and a nucleon. F o r example, if we choose the ΛΛ
and ΛΝ potentials in the form of square wells, then
( U R 2 ) A N κ 3 ( U R 2 ) A A , where U is the depth and R i s the
radius of the corresponding potentials . The region of
stability of the double hypernuclei can therefore hardly

Table IX. Energy of
separat ion of the

Λ par t ic le s of
double hypernuclei

Hyper-
nucleus

N u,

Mev

0.4±0.3
2.9+0.3

E*
Mev

10.7
-10.4

Γ.
Mev

0.9

1.8

Q, Mev

i.5 for ( P + B ; , ; )

6.5 for (p_|_c«)

Hyper-
nucleus

Β*Χ°Λ

ΒΛΑ· Mev

10.8±0.5

17.5±0.4

Δ Β ΛΛ·
Mev

4 . 6 ± 0 . 5

4 . 5 ± 0 . 4
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be wider than the region of stability of ordinary hyper-
nuclei. It can be stated with as surance that there i s no
bound state of the ΛΛΝ system, s ince it i s known that
ηηΛ2 has no bound s tate . According to Tang and
Herndon 1 1 1 0 6 3 , Η Α Λ i s not bound, and H A A and H e A A a r e
bound (that Η Λ Λ and Hejl Λ a re bound was predicted even
e a r l i e r by Nakamura^ 1 1 ^ and by Damle and Biswast 1 1 3^),
with Δ Β Λ Λ ( Η \ Λ ) = 3.5 ± 0.5 MeV; this e n s u r e s stability
against decay into Λ + H4^. Ananthanarayanan^1 1 1^ con-
s idered double hypernuclei of the p- shell and obtained
Δ Β Λ Λ ( 0 Α Λ ) = 3.75 MeV and Δ Β Λ Λ ( Ο 1 8 ) = 3.5 MeV. The

foregoing quantities a r e apparently not very exact, owing
to the leeway in the determination of the ΛΛ potential
only on the bas i s of H e ^ .

10. PROSPECTS OF THE PHYSICS OF HYPERNUCLEI

As noted by Davis and Sacton^93^1, it i s not at all sur-
pris ing that some prospect s can exist in r e s e a r c h with
the aid of a technique that has remained essential ly un-
changed for the last 15 y e a r s . Their statement per ta ins
to experiments with nuclear emulsions, but there a re
sti l l a few questions in this field that can be answered
by increas ing the s ta t i s t ics . Whereas the emulsion tech-
nique did indeed reach the experimental l imit in the de-
termination of B A for s-shell hypernuclei, the situation
can be considerably improved for most p-shell hyper-
nuclei. Refinement of the data on the p- shell would make
it possible to establish the role played by three-par t ic le
and tensor forces. F u r t h e r measurement of B A for iso-
spin doublets other than H^ and H e \ i s needed also for
the determination of the possible violation of charge in-
dependence in the Λ Ν interaction.

The greatest hopes in the physics of hypernuclei a r e
pinned on new methods, par t icular ly bubble chambers .
Experiments on Λρ scatter ing, at their present-day
state, do not make it possible to separate singlet and
tr iplet interaction. The cleanest way to such a separa-
tion i s connected with polar ized Λ par t ic le s . The main
difficulty is in finding an intense source of strongly
polarized Λ par t ic les with low energy, 4—20 MeV. It is
possible that react ions suitable for this purpose a r e

η" + ρ ->- Λ + Κ" (10.1)

or

Another possibility i s to study Λ + H2 and Λ + He 4

scat ter ing. The f irst reaction is of i n t e r e s t as s trong
Λ + H2 scatter ing is expected in the J = 3/2 state, owing
to the virtual level J = 3/2, Τ = 0. In addition, since
Λ + H2 scatter ing i s determined by a different combina-
tion of tr iplet and singlet ΛΝ potentials than Λ + ρ scat-
tering, and the three-body problem i s now being solved
with sufficient accuracy, measurement of σ(ΛΗ2) i s most
des irable . F r o m the Λ + He 4 react ion it will be possible
to es t imate the strength of the spin-orbit ΛΝ interaction.
There a re good e s t i m a t e s of the central Λ + He4 poten-
tial on the bas i s of Β^(Ηβ^), and also the shape of He 4

on the bas is of e lectron scattering; the contribution of
the si interaction can therefore be separated quite cor-
rectly. P r e l i m i n a r y calculations of Λ + He 4 scatter ing
with allowance for the si forces have already been per-
formed by Alexander et Cu 43

FIG. 10

The next step will apparently be observation and
study of Λ-hypernuclear γ rays . An increase in the
stat i s t ics and γ rays can help ascer ta in whether i somer
states actually exist in H e A and Li^ 1 - 1 1 5 3 . It has been
impossible to observe Λ-hypernuclear γ rays so f a r c u e : l .
When this happens, it will be possible to study yy c o r r e -
lations between the successive y r a y s and γ IT corre la-
tions with the pion emitted in the decay of a hyper-
nucleus from the ground state, so that the spins of the
hypernuclear s ta tes can be determined.

Much can be expected from investigations of hyper-
nuclear s tates in the continuous spectrum with the aid
of two-step react ions of the type

K- + (Z)A ->• π- + (Z)f -> n~ + ρ + (Ζ - i (10.2)

As i s well known, about 15% of Κ mesons coming to
res t in emulsion are captured by carbon nuclei, about
3 % by N, and 15% by O. Therefore, as soon as we ob-
serve C ^ * and N A * , the formation of O\6* with decay
into N A , a hypernucleus not yet identified, is perfectly
real i s t ic . A study of the corre lat ions between succes-
sively emitted ir~ mesons in a reaction of the type (10.2)
could lead to a determination of J for excited s tates of
h y p e r n u c l e i ^ .

In conclusion, we note once more the place occupied
by the physics of hypernuclei in the physics of strong
interaction. This i s best stated in a review of the pro-
ceedings of the 1969 Argonne conference on the hyper-
nuclear physics: "Hypernuclear physics i s in a strange
position. It i s neither fish nor fowl. High-energy physi-
c i s t s do not look to it for valuable advances in thei r
understanding of the interact ions of fundamental part i-
c les . Nuclear physicists also view the field as something
apart . Its main relevance for the fundamentals i s the
information it can provide on ΛΝ and ΛΛ interact ions . . . "
(J. D. Jackson, Science 159, 1959 (No. 3821, 1346 (1968)).

The author is grateful to A. I. Baz', M. V. Zhukov,
and Yu. A. Simonov for reviewing the manuscript and
for r e m a r k s .

APPENDIX

Let us est imate the lower l imit of the Λ Ν potential
from the Η Λ binding energy, following Nish i j ima [ 1 1 7 ] .
The Hamiltonian of H3^, neglecting the three-part ic le
forces, i s

where Τ i s the kinetic energy, and the meanings of the
subscr ipts a re obvious. If B<j is the deuteron binding
energy and B A the Λ-part ic le separat ion energy, then
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m i n ( A ) i s t h e l o w e s t e i g e n v a l u e o f t h e o p e r a t o r . I n t h e

r e s t s y s t e m w e h a v e p n + p p + p ^ = 0 . W e a s s u m e t h a t

ν Λ η = ν Λ ρ Ξ νΛΝ> a n d u s e t h e inequality min(A + B)
> min(A) + min(B), and also the explicit form of the
kinetic-energy operator . We then readily obtain

or

imMA

^ l . (A.4)

F r o m this we get the limit of the depth p a r a m e t e r of the
potential s:

s>-n—rnrrV«0-36.
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