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Stationary states of light nuclei

by L. Roseilfeld (Manchester)

I. The interaetion lietwecn two nueleons.

The present, very imperfect treatment of nuclear Systems is
based on the assumption that the total interaetion between the
constituent nucleons is primarily due to the interactions between
pairs of nucleons, while many-body interactions would only contri-
bute to higher approximations with respect to the nucleon veloei-
ties. Whether this assumption is quite justified remains open to
question, since, as wo shall see, theoretical calculations concerning
Systems of 3 or 4 nucleons, based on pair interactions only, exhibit
large discrepancies from empirical results. A quantitative estimate
of many-body interactions is at present precluded by the fundamental

difficulties of fiekl theory; we must therefore leave this question
in a most unsatisfactory state. and basc the following discussion on
the assumption of pair interactions.

Our first task will then be to establish the most probable expres-
sion for the interaetion Operator between two nucleons; recent in-
vestigations make a renewed survey of this problem desirable. Let
us start from the consideration of the interaetion between neutron
and proton, as revealed, on the one hand, by the experiments on
scattering of very fast neutrons by protons, and 011 the other, by
the properties of the ground state of the deuteron. The best theoretical

approach to the first problem, in the present state of field
theory, is the relativistic generalisation of Born's method, due to
Moller. This method can readily be applied to the problem of
proton-neutron scattering by assuming that the interaetion between
the particles results from a coupling of these particles to a meson
field. It is then possible to derive in a consistent way the contribu-
tions to the scattering cross-section, not only from the statte
interaetion usually considered, but also from the additional interaetion
terms of the first and second Order in the nucleon velocities.

An expression for the total scattering cross-section has recently
been obtained by Marty*). using Moller's method and assuming

*) Not yet published.
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a coupling of tho nucleons with a symmetrical mixture of pseudoscalar

and vector meson fields, with arbitrary coupling constants.
The vector field involves two constants gv g2 corresponding to vector

and tensor source densities, respectively; the pseudoscalar field
is represented, owing to the elastic character of the scattering, by
a single combination*)

h - h + h

of the two analogous constants fv f2 (corresponding to pseudoscalar
and pseudovector source densities), in conformity with Dyson's
transformation. The depcndence of the total cross-section on the
coupling constants can be described as follows: There appears, in
the first place, the expression which one would have obtained on
Born's approximation, i. e. from the static interaction only, multi-
plied by the factor [1 — (p/M)2] (p denoting the momentum of the
partielos in the barycentric systein of reference); to tliis term only
the vector meson interaction contribut.es, and the combination of
the coupling constants gv g2 occurring in it are simple poly-
nomials of the Ith degree. Besides this term, there is a further
coutribution in (p2/M2) whose coefficients are similar polynomials,
but involving also the constants g2 and f3 multiplied by the large
parameter For an estimation of the relative importance
of the two parts of the expression for the scattering cross-
section, it is natural to take for the coupling constants gv g2, f3
values of the order of magnitude indicated by an analysis of the
ground state of the deuteron based on the assumption of static
interaction only. It then appears that for a value of the momentum p
corresponding to incident neutrons of 90 MeV energy, the second

part (in spite of the occurrence of the large coefficients M/Mm) con-
tributes a correction of the order of a few percent of the first, which
tends to increase the value of the cross-section corresponding to the
assumption of static interaction, and thus to bring it fartherfrom the
experimental result. The discussion of the differential cross-section
has not yet been completed: it remains to be seen whether, within
the scope of symmetrical meson theory, there is still sufficient lati-
tude in the choice of the precise values of the coupling constants to
achieve agreement with the observed angular distribution of the
scattering particles, without Coming in conflict with the properties
of the deuteron.

This leacls us to a revision of the deuteron problem: does the usual
treatment based on the assumption of a static interaction form an

*) The masses of a nucleon and a n-meson are denoted by M and Mm, respectively.
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adequate approximation, or are velocity-dependent couplings,
hitherto not properly eonsidered, in fact of paramount importance
As is well known, the issue is obscured by the strongly singular char-
acter of the static interaction, which forces us, so long as we treat
it. separately, to introduce into the problein an arbitrary element
in the form, e. g., of a eut-off of the static potential at small dis-
.tances. One may expect that a further step in the approximation,
similar to that which led to the relativistic expression for the scatter-
ing cross-section, discnssed above, will give a simple answer to the
question. The investigation of the ground state of the deuteron front
this point of viow has only recent.ly been taken up, however, and
its result will be awaited with great interest.

In the meantime, we may perhaps derive some guidance front
a discussion of the problem in the static approximation, the
arbitrary cut-off involved in this treatment being regarded as a rough
way of accounting for the effect of the higher approximation«. For
the most general combination of meson fields, the affective static
potential, for the ground State of the deuteron, has the form

where 3 and a are certain combinations of the coupling constants
of the meson fields to the nucleons, while x .1/,,, c/li and

is the well-known Operator of "axial dipole coupling" between the
spins ff1" of the nucleons, depending on their orientation with respect
to the line joining thern (represented by the unit veetor $„). For a
given value of x, the wave-equations eorresponding to the above
potential, cut-off in a definite way for distances smaller than some
critical value rc, can be solved numerically for various sets of va-
lues of the parameters, 3» a- rc• Fach Solution corresponds to
definite values for the binding energy, the quadrupole moment and
the admixture of 3D-state (derived from the magnetic moment): the
adjustment to the empirical values of these quantities yields, in
principle, the values of the parameters defining the effective potential.

Extensive calculations of this tvpe have beon carried out by
Grosjean*), first for a meson mass of 225 m, and recently also
for the higher value A/m 285 m of the mass of the jr-meson res-

j)U2) s (5(0 y. j (5-ir()) —(n"1 51-')

*) Not yet published.
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ponsible for the nuclear lield. Iiis results present in both cases the
same general features. In the first ])lace, the value of a must
be about 1/2; this does not correspond to any single type of meson
field and would thus point to the necesssity of assuming some mix-
ture of such fields: we shall aclopt, as the simplest one, a mixture
of pseudoscalar and vcctor fields. For values of a in the neigh-
bourhood of 1/2, it then appears that the quadrupole moment is
quite insensitive to the value of the cut-off radius, but that the ad-
mixture of D-state and the strength 3 of the central part of the po-
tential both vary almost linearly with re. Since the admixture of
D-state is fixed only with poor accuracy (owing to uncertain relati-
vistic correctipns to the magnetic moment), neither 3 nor rc are
accurately determined by this method. Ilowever, the possible 3"
values are of the same order of magnitucle as the strength of the
effective potential for the 1S state, as estimated from the cross-
section for scattering of very slow neutrons by protons. This means
that the coupling constants g%fhc, f\fhc are of the order of magnitucle

10_1, and that their difference, as indicated by the rather large
value of a, is of the same order. The constant g2fhc, on the other
hand, is still allowed a wide ränge of Variation from zero to values
only somewhat smaller than those of the other constants. It must
be stressed that the high value of the cut-off radius, which is given
by xre an 0,7, rather weakens the reliability of fliese results. Never-
theless. one might perhaps conclude that the interaction betiveen neu-
tron and proton can be accounted for by a mixture of pseudoscalar
and vector meson fields, in such proportions that the binding of the

deuteron is largely due to the resulting axial dipole potential. For the
treatment of effects involving only small energies (up to 20 MeV,
say), the model of nuclear potential proposed by Rarita and
Schwinger (in which both the central and the dipole forces are re-
presented by potential wells of the same width and appropriate
depths) provides a convenient schematization. But it cannot, of
eourse, account for the proper field effects already prominent in the
domain of energies about 100 MeY.

In the preoeding discussion, only one meson mass has beeil assu-
med. Attempts at introducing mesons of different masses in the
nuclear field, according to Schwinger's proposal, have not proved
successful. Empirical data on slow neutron diffraction, on the other
hand, when analysed by means of the schematic potential well model,
show that different widths must be assumed for the wells corres-
ponding to the effective potentials for the 3S and 1S' states. This
conclusion, however, depends sensitively on the form of potential
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adopted: it appears*) that the empirical results can be explained on
the basis of meson potentials of single ränge for both types of states
(as was assumed in the above discussion). In this connexion, it must
lie pointed out that the ränge value derivcd frora the slow neutron
diffraction and scattering data for the 1S potential, in contrast to
previous statements to the contrary, appears to be quite oompatible
with the ränge of the 1 .S' potential between two protons derived from
proton-proton scattering experiments. There is thus no reason so
far to doubt the (approximative) "charge independence" property
of the nuclear potential, at any rate for 1.S' states. Moreover, the
scantv indieations on the effective potential for 3P states derived
from proton-proton scattering data at higher energies (10... 14 MeV)
are not incompatible with the extension of the charge independence
property to all types of stationary states. The general conclusion of
the preceding discussion of the evidence from two-nucleon Systems
raay be Condensed in the following expression for the interaction
potential between two nucleons of hur relocity:

1-Ta) Tt2) 3 [}' f (1 — y) ct(1) 5,2) T'12' I 1 - +A — — L
' xr | r

with due emphasis on the many uncert.aint.ies which still beset, the
argument.

This formula, however, is still incomplete in one respec-t, about
which two-nucleon svstems cannot, yield any evidence. Besides the
axial dipole eoupling, another type of non-cent.ral coupling is pos-
sible on general invarianeo grounds, namelv, a, spin-orbit coupling
of the type

91t(12> (ST + 5<21) • {1 h).

where l denot.es the orbital angular momentum with respect to the
centre of gravity of the nucleon pair. Such a coupling does not give
anv contribution to »S'-states of a two-nucleon system, but it might
play a part in the stationary states of more complex Systems. A
spin-orbit coupling of relativistic origin (of the second order in
nucleon velocities) must be present in any case; roughlv, it will
have the form, on meson theory,

+ Jr*)e7 '

A vector meson field will in general also give rise to a coupling of

*) See J. Blatt and .1. Jackson, Phys. Rev. 7G, Is. (1949): K. Bbthe, Phys.
Rev. 76, 38 (1949).
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the samo form, Imt with a facti»r gx g» (Mm M) instead of the factor
1

3 3 (Mm M)2: if the constants y1. g2 are of the same order of ma-
gnitude, this effect is of the first order in the nucleon veloeities. In
view of the evidence, discussed inthefollowing, which more or less
directly points to the existence of considerable spin-orbit couplings
in nuclei, this theoretical possibilityshould certainly he kept in mind.

The {(round State of 3H.

In the deuteron. the non-eentral interaction of the axial dipole
type bring« about a breakdown of the conservation of orbital angu-
lar momentum, with the resnlt tliat the ground statu, which belongs
to the triplet. System, is a mixture of S and I) statu. If the system
contains more than twu nucleons, there is even no conservation of
spin: in the case of *H, the doublet and quartet. Systems are also
combined. The ground statu of 3H. whose total angular momentum
is 1/2, will there furo be a coinbination of the form -f 2P 4Pi ~
4Dj. Moreover, in this mixture there are (wo types of doublet (S
and P) status. according as the wave-function is symmetrica, 1 (H, P)

or antisymmetrical (S, P) in the spins of the neutrons; likewise,
there are two types of iI) «täte« ([)„. I)„), distinguished bv t.he syni-
metrical or antisymmetrical character of the dependenoe of the
wave-function on the variables x (radius vector joining the
neutrons) and X (radius vector joining the proton to the centre of gra-
vity of the neutrons). To a first approximation, one may assunie
tliat the two neutrons will be "paired" in a configuration with sa-

turated spins, corresponding to a a»S'j State. By axial dipole
interaction, this statu will be directly coupled only to the statu; any
admixture of other states in appreciable amount will be an indica-
tion of the occurrence of other couplings, either of the spin-orbit or
of the U-body type.

Definite indications of this kind can in fact be inferred from two
fundamental properties of the triton: its binding energy and its
magnetie moment. A calculation of the binding energy on the as-
sumption of a Rarita-Schwinger interaction between the pairs of
nucleons (i. e. involving only axial dipole coupling) yields a much
smaller absolute value than the empirical one: it appears that the
axial dipole coupling, so effic-ient in I»einging about the deuteron
binding. has a much smaller total effect in the 8-nucleon case. The
fact that the magnetie moment is larger than the proton moment
likewise eannot be understood on the basis of axial dipole coupling:
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for a magnetic moment equal to the proton momcnt (as would eor-

respond to a pure hSh State) could only be 1 owered by an admixture
of 47), state. It. is true that a nuclear field effect, the "exchange
moment", might give an additional contribution in the right. direc-
tion. Luit tIiis could hardly be sufficient to bring the neoded over-
compensation of the iI)s term. On the otlier band, a more eompli-
cated mixture of states would lead to an additional magnetic
moment which mav be of either sign. Whether agreement wit.li experi-
ment in both eases could actually be reached by takinginto account
spin-orbit. or 8-body interactions has, however, not vet beeil in-
vestigated.

The qiiiisi-atomk- motlel.

Experimental data eoneerning the stationary states of light nuclei
are rapidly accumulating. The euergi es and widths of exrited Irrels
can be inferred from the occurrencc of resonanccs in the vield of
nuclear reaetions inducerl by impact. of particles or y-rays, or from
the study of /?-docay processes, ospecially when such processes are
aceompanied by the emission of y-rays or electron pairs. Mothods
of high precision have been developed to measure the total angular
momenta, magnetic moments and qnadrupole moments of the ground
states of stable and evcn some unstable nuclei. In favourable cases,
the application of selection rules also allows inferences to be nia.dc
eoneerning the quantnm numbers and parity of excited states. Another
souree of Information bearing more ospecially on the orbital quantnm
numbers entering into the composition of excited states is provided
by the study of the angular distribution of particles ejected in the
final stage of the nuclear reaetion studied.

The theoret.ieal approach to the problem of the stationary states
of nuclear Systems, on the othor band, is hampered by the lack of
adequate methods of approximation for treating assemblies of clo-
sely eouplcd particles. The general view-points of group theory offer
only a rather loose frame: the Classification of nuclear states into
supermultiplets, characterized, for a given mass number A, by •>

quantnm numbers (P, P', P") with the following interpretation.
('onsider the Operators

a-Pzf, % -2-IX", edyc»?.
i i i

which represent, respectively. half the neutron oxcess, the compo-
nent of the total spin in an arbitrary direction, and the component.
of the difference between total neutron and proton spin in this direc-
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tion. Tlien P is the largest eigenvalue thal anv of thesc Operators
can take in the supermultiplet, P' is the largest eigenvalue of a
second one among these Operators which is eompatible witli the
value P of the first, P" is the largest eigenvalue of the third eompatible

witli the values P, P' of the other two.
Pure supermultiplet states (characterized by eigenvalues of T3.

Sz, Yz) could only occur if the nuclear interactions were central
forees independent of the spin and isotopic variables of the eonsti-
tuent nucleons; in general, they would be degenerate, being super-
positions of states belonging to different spin or charge multiplici-
ties. Central forees depending 011 spin and isotopic variables will
split up the supermultiplet states into different spin and charge
multiplets, but in t Iiis Splitting, supermultiplet states with different
values of Y. will in general combine, so that Yz ceases to furnish
a quantum number. Non-eentral couplings will further mix the
multiplet substat.es; the resulting energy spectrum could only be
obtained by the consideration of a more specific nuclear model. The
Coulomb repulsion between the protons has the effect of deereasing
the (absolute) binding energy values of supermultiplet states with
deereasing neutron excess; for light nuclei, however, this is a rather
unimportant feature.

The supermultiplet scheine is useful for the establishment of general

regularities of a semi-qualitative nature (such as selection rules
for j8-decav, peculiarities of the mass-defeet eurve, distribution of
magnetic moments), but, of course, it. hardly provides an adequate
sturting point for actual calculations of energy levels in specific
cases. For this purpose, recourse must be had to some model to
which the methods of quantum mechanics can be applied. The
quasi-atomic model consists in assuming that in first approximation
each constituent nucleon occupies an individual state independently
of the others, and in applying to the interaction between the
nucleons the usual methods of approximation developed for the treat-
rnent of atomic Systems. In the latter case, this procedure is justitiell

by the predominanoe of the electrostatic field of the atomic
nucleus; in the case of nuclear Systems, however, one has to intro-
duce for the definition of the individual states of the nucleons some
fictitious "average nuclear field" which, on account of the Saturation

properties and above all of the non-additive character of the
nuclear forees resulting from the existenee of considerable many-
body interactions, does not correspond even roughly to any physi-
cal reality. The greatest shortcoming of the calculations hitherto
carried out by this method, however, is that they use only central
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interactions. It is above all the neglect of non-central forces whicli
makes the results of such calculations quitc unreliable: even the
order of succession of the multiplet levels cannot be predicted with
any certainty.

On the quasi-atomic model, the individual nucleon states may
be ascribed orbital quantum nrtmbers, and the building np of the
ground states of nuclei of inci'easing mass number may accordingly
be pictured as a gradual filling up of the "shells" corresponding to
the successive individual nucleon states. Any nuclear potential ac-
counting for the properties of two-nucleon Systems will favour a

configuration of any pair of oonstituent nucleons of the samc shell
with an even value of the total orbital momentum: for it will lead
to an attraction between the two nucleons in such a configuration,
while (on the charge independence hypothesis) we shall expect a
repulsive intcraction in all configurations of odd total orbital
momentum. More specifically, in an even configuration, the attraction
between two nucleons with opposite spins will in any case be purely
central, while the intcraction between a proton and a neutron with
parallel spins will be a strenger attraction, which rnight be central
or non-central. These forces will in the first place tend to the for-
mation, within each shell, of groups consisting of a neutron pair and
a proton pair, both with saturated spins ("a-clusters"). Any two
additional like nucleons, in the shell, will tend to "pair" themselves
in an even singlet configuration: tIiis general conclusion, however,
does not suffice to give an interpretation of the fact that even
nuclei have zero angular momentum and 110 magnetic moment,
corresponding to a 1S ground state.

When we try to apply the model to light odd nuclei, in which
non-central forces becomo prominent, we run at once into still
greater difficulties. An example of typical internst is that of the
nucleus 10B, whose ground state has recently been found to liave
a total angular momentum •/ 3, cjuite at variance with expect a-
tion from the quasi-atomic model with central interactions only.
In fact, on this model, tlic configurations of lowest energy of the
nucleus 10B consist of a fillod .s-shell (a-cluster) ancl a p-shell con-
taining an a-cluster ancl a proton-neutron pair with parallel spins.
O11 the assumption of central interactions, such configurations
would give rise, in first approximation, to the states 3-S', 3D, 3D, 3F,
3Gr in order of decreasing binding: the ground state would thus bc
expected to have the angular momentum .7 1, Higher approx-
imations will produce some displacement of these levels by mixture
with higher levels of the sanie type: but this effect has been found
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by van Wikringen*) to be negligible. It is clear that in order to
explain the presence of any level of higher orbital inomentum below
the »S state, non-central (and possibly niany-body) forces must be
assumed not merely to give rise to perturbations of levols corres-
ponding to central interactions, but even to play a prominent part
in the binding of the nnclens.

A niore precise indication of the nature of the gronnd state of
10B mav be derived from the knowledge of its magnetic moment.
In fact, the gronnd state of angnlar momentum -7 X mav be a

mixtnre of the states 3I), 3I'\ 3ff mentioned above, witli in addition
the state 1/'' from the singlet System belonging to the same super-
mnltiplet.. If the proportions of fliese states in the mixtnre are deno-
ted by the symbols of the states between brackets, the magnetic
moment mav be written in the form

in tIiis easily deiivcd formula, /«„ and //„ denote the proton and the
nentron moment, respectively, and (3I)) has beeil replaeed by 1 -
| (1/'v) r (3/<') f (37r)]. From the experimental valne // 1,794 one
therefore concludes that the gronnd state is mainly a 9I) state, but
wit.h an admixtnre of at least 22% of other states.

The discovery of the high angnlar momentum of 10B has provided
the Solution of the riddle presented by the higlily forbidden charae-
ter of the /Ttransition 10Be — 10B, in whieh the even isobar J"Be
must be expected to liave zero angular momentum. Moreover, it
has recently been found that the /J-deeay of the eonjugated**) isobar
100 int-o 10B, whieh is an allowed transition, is aecompanied by a
y-ray, so that it involves an excited state of 10B whieh mav well
have an angnlar momentum 1. The quantitative relations between
the isobars of niass 10, sliovvn on the aoeompanying diagram, allow
aninteresting comparison of thenuelear struetures involved***). The
eonfiguration of the eonjugated even isobars 10Be and 100 can be

pictured as one in whieh all pairs of like nuelei have saturated spins.
Oompare with these the eonfiguration 1ÜB* of the odd isobar 10B

in whieh the proton and the neutron in exeess of a-elusters have
opposite spins: this will, of eourse, eorrospond t.o some excited state
of the TS' type. The differenoes of Coulomb energies between these

*) Not yet published.
**) Two nuelei are called eonjugated if the one goes over into the other by

changing protons into neutrons and vice-versa.
***) R. Sherr, H. Muether, M. White, Phvs. Rev. 75, 282 (1949).

Ii n
1 —[[<» " i'n o )\m+ " I
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configurations (assuming thc nuclear radii to bo the same) are easily
estimated at

whence

i°C - 10B* 2,04 MeV, 10B* - 10Be 1,48 MeV,

i"(' — i°Be 3,o2 MoV,

in remarkablo agrcomont with the enipirical result. Wo are there-
fore entitled to concludc that in the three isobaric configurations
considered, the proper nuclear energy is the same: tliis entails not

4.08

3.06

0.55

10 Be

ioj3*_
2.14

(2.04)

1.42

0.713

0.411

loß "C
The isobars of mass 10. (Energies in MeV)

only symmetry of nuclear intoractions with respect to charge, but
also charge independence of theso interactions in configurations of

the bS' type.



222 L. Rosenfeld.

-5. The a-partiele model.

At first sight, itwould seem that a much better approach to the
problem of nuclear states would be provided bv the a-particle model,
in which the nueleus is assumed to eonsist of a-clusters with the
necessary number of additional nucleons. In the first place, a ten-
dency to the formation of such a-clusters is, as we have seen, an
obvious consequenoe of the properties of nuclear interactions. In
fact, the binding energy of an a-particle is so large that if this
energy is, on the average, assigned to each of the constituent
a-clusters, the greatest part of the total binding energy of the
nueleus is accountod for; the mutual binding of the a-clusters and
additional nudeons is eomparatively small. It. would seem, therefore,
that a model in which this large contribution to the binding energy
is included from the start represents a considerable improvement on
the quasi-atomic model, which is quite inadequate in this respect.

Unfortunately, on closer examination, the picture loses its treache-
rous simplicity. It cannot be supposed, of course, that the a-clusters
retain their identity within the nueleus. One has rather to imagine
that they form and dissolve continually in the course of chance
encounters of nucleons in their chaotic. motion. By studying some
simple system, like 8Be, and trying to represent it as a superposition
of an 8-nucleon quasi-atomic system and a system of two a-particles.
it is possible to obtain a rough estimate of the "degree of dissocia-
t.ion" of the a-clusters with respect to the "gas" of nucleons. The
result is that this degree of dissociation is rather high, and this at
onee forccs us to question seriously the accuraey of any "geometri-
cal" model in which the assembly of a-clusters is compared to a
close packing of rigid spheres held together by a certain number of
"bonds" (determined by the number of points of contact, of the
spheres in the given configuration). Such doubts increase on closer
inquiry into the nature of the "bond" between two a-particles: it
appears that this bond is not primarily an ordinary interaction
similar to the van der Waals intermolecular forces, but rather an
interaction of the "exchange" type, conditioned by the exchange
of nucleons between the Clusters, and more nearly comparable to
the chemical binding forces. In particular, the non-additive charac-
ter of exchange interactions precludes any simple interpretation of
the remarkable empirical fact that, the binding energies of the light
"a-nuclei" (i. e. nuclei consisting only of a-clusters) are proportional
to the numbers of bonds of the corresponding geometrical models.

We must therefore abandon the hope of finding in the a-particle
model a suitable starting point for the computation of nuclear bind-
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ing energies. For more qualitative purposes, however, the model has

many advantages over the quasi-atomic picture. It can be shown.
for instance, that in spite of their transient character, the a-clust-ers

may ho expccted to retain their cohesion during tiraes long compared
wit.li the periods of Vibration and rotation of the configuration.s in
which they arrange themselves in the lightest a-nuclei. (Du this
basis, it is possible to give a qualitative and even semi-quantitative
description of the excited levels of these nuclei in analogy wit.li the
treatment of Vibration and rotation levels of polyatomic molecules.
An interesting feature of this treatment arises from the identity of
the constituent a-clusters, which has the effect of pushing upwards
a certain number of rotation levels according to the symmetry or
quasi-symmetry of the configuration, thus explaining the ahsence
of any rotational fine strueture of low excitation energy, especially in
heavier nuclei. A simple case of this kind is that of 8Be, in which onlv
the even values of the angular momentum are allowed by symmetry.

Some general regularities of magnetic moments and electric qua-
drupole moments of nuclei can be better understood, at least. quali-
tatively, on the a-particle model than on any model in which the
nucleons are considered individually. On the one hand, the values
of the magnetic moments of odd mass nuclei can be roughly ac-
counted for as if they were due to the individual motion of the odd
nucleon in the field of the residual nuclear strueture; on the other
hand, the positive values of many quadrupole moments likewise
point to the existence of a strueture of some "rigidity" within the
nucleus; closer examination shows that the picture offered by the
a-particle model would just provide such a strueture with suitable
properties.

The a-particle model affords also a convenient starting point for
a semi-quantitative treatment of the ground states of light nuclei
differing from a-nuclei by an additional or a "missing" neutron.
The extra particle or "hole" can be considered as moving in the
field of the a-cluster configuration representing the a-nucleus, and
the energy of its binding to this nucleus can readilv be expressed in
terms of the interaction energy Operator between neutron and
a-particle and the corresponding eigenfunetions of a neutron in the
field of an a-particle. As an illustration of the method, let us con-
sider the 8Be configuration and the two neighbouring nuclei 7Be.

and 9Be. If y2 represent the p-state eigenfunetion of lowest

energy of a neutron in the field of the a-particle 1 or 2, respectivelv,
and if we assume this eigenfunetion to be very concentrated around
the centre of the a-particle, with a node at the centre, the eigen-
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function y> of a neutron or hole in the field of tlie two a-particles
has cither of the approximative fortns

In order to obtain the lowest energy state of the corresponding
nucleus, \ve must ehoose the eigenfunction of lowest energy in the
case of an additional neutron, of highest energy in the case of a
hole. These two cases eorrespond to the first and second of the above
eigenfunctions, respectively, as appears from a consideration of the
numbers of nodes of these functions. Now, let Vx, V2 be the inter-
action energy Operators of the a-particles 1,2 with the neutron, K
the kinotic energy Operator of the neutron, H Vx + l*2 + K its
Hamiltonian. Dehne the energy of the neutron in the field of an
a-particle

the averago interaetion energy of a neutron bound to one of the
a-particles with the other

Thon the energy of the additional neutron, i. e. the difference 1 »et-

ween the energies of 9Be and 8Be + n, is approximately given by
B + Ii + Q; and the difference hotween the energies of 7Be ancl
8Be — n is given by B + Ii — Q. A complete discussion of this me-
thod, including a comparison with the empirical data, will be found
in Hapstad and Tbller's fundamental paper on the a-particle
model*). An extension of the same procedure to the case of two
additional nucleons, and in particular to the nucleus l0B, might
perhaps reduce to manageable proportions the problem of the
interaetion between the two additional particles in this nucleus, on
which the explanation of the observed value of the angular momen-
tum ultimately depends.

and the excliaiige interaetion energy

Q 3i/ >Px* H y2.

*) L. Hafstad and E.Teller, Phys. Itev. 54, 681 (1938).
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