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Abstract

It is supposed that the account of 77 interaction allows to describe the conttibution of higher order approximations of the
pion theory to N N -potentials by a phenomeno logical introduction of the one-particle exchange of mr resonances with definite
symmetries. Various types of resonance symmetries which may give the contribution to the nuclear forces are discussed. An
important role of the w-resonance is emphasized. An example of the resonance mode! is considered in which the exchange of
two ( I=0 and I=1) vector and one ( I=0) scalar resonances occurs. The estimates of the coupling constants of these resonances
with the nucleon are made from a comparison with the phenomenological N N -potential of Hamada, Johnston (H~]). Good qualita-
tive and satisfactory quantitative agreement with H—J potentials has been obtained. It is shown that, if applied to the nucleus,
the resonance model permits to give a mictoscopic interpretation of the semiempirical formula for the nuclear masses. A compari-

son with the coefficients of the formula leads to additional resttictions on the parameters of the model .



1. 77 Resonances and Nucleon-—Nucleén Potentials

It is established at present that the potential model of NN interaction is applicable, at least, to the energy range < 300 MeV/l/-
At the same time no theory yet exists, from which these potentials could be consistently obtained. Numerous attempts to solve
this problem according to the pion theory ( see, e.g.,/ 2/ ) led, in fact, only to the qualitative conclusion about the important role of
two, three etc meson exchange, i.e., about the essential contribution of the higher order approximations of the perturbation theory.

The development of the dispersion methods which are free from the difficulties encounted in the perturbation theory and the re-
cently discovered strong 77 interaction which is demonstrated, first of all, in the so-called pion resonances* make a new approach
to the nature of NN-potentials possible. It may be supposed that due to m# interaction there occurs the exchange of groups of cor-
related pions, resonances (R) between nucleons, unlike the perturbation theory where the exchange of a number of individual pions
takes place. The large 7N coupling constant which in the perturbation theory indicates an essential contribution of the highet order
approximations implies in our approach the existence of still large effective coupling constants ¢ RN of the resonances with the
nucleon. At the same time very large ¢ RNconstans should be considered as an argument for neglecting the contribution from the
non-resonance exchange.

In the language of the spectral representations for the exchange of one resonance having a definite mass (we shall neglect the
resonance width) with certain quantum numbers there is a pole in the spectral expansion of the matrix element of NN scattering.
The one-boson (OBEP) potential cortesponding to this pole is well-known for each type of the boson symmetry (see,e.g.,/S/). Thus
the total potential may be represented as a superposition of the Ukawa type potentials corresponding to each resonance. It displays,
as should be expected, a strong dependence on the quantum numbers of the two-nucleon state. -

A question arises as to which kind of resonances give the contribution to the nuclear forces. Evidently, in NN scattering may
take place the exchange of bosons only with zero strangeness and isotopic spin 51 .

It should be also expected that the presence of the neutral vector resonance ( the w meson ) with the large coupling constant
gz) must lead to the appearance of a strong repulsive core in the potential, resulting, thereby, in the strong suppression of the ef-
fect of the resonances having the mass larger than g o> S5.6u o Speculations of rather general nature suggest also that in the
mass region 2u - <u <5.6 p . there exist resonances with spin < 1*.*With these limitations there still remain 16 sets of quantum
numbers of spin J= 0,1; isotopic spin I=0,1; parity P=+1 and G-parity G=+1, each of which can be refetred to, at least, one
of the possible tesonances. Howevet, as can be shown/ 7/ , the requitement that the interaction of the tesonance with the nucleon
should be invariant under charge conjugation leaves room only for 10 various types of symmetry, for which the pole contribution of
the resonance to the NN amplitude and, hence, to the NN potential, is possible. These types are listed in Table I, where an indi-
cation is given of the w, p, n resonances definitely established™*, the { -resonance not well established and scalar (a) and

pseudovector (b,c) resonances which are only assumed to exist. Fot the sake of completeness the 7- meson is also included.

/8/ / 4/

*
On the 77 resonances see the Proceedings of the XI Rochester Conference , and from later literature see and the references

containing there.
ok

++
As i8 known the fo resonance presently dlscovered/e/ 4 I=0, J=2 ) has the mass of about 1280 MeV.

eakk
The valies for the masses of the @, p» T} resonances are taken from /‘V. The quantum numbers of the Cresonance are analysed

in 78/ . The value G C =—] follows from the requirement of the charge invariance of the CN interaction .



Table 1

7 ® p* p? n 4 a b c
u MeV 140 782 770 750 548 /570/
I 0 1 1 0 1
J 0 1 1 0 i 1
P - - - - + + + +
G - - + + - + +

14

Since the contribution to the NN potential is independent of the G -parity of the resonance, then in the analysis the pseudovec-
tor mesons with G=+1 may be assumed, for simplicity, to be the only one (and not two) resonance.

Thus, at least, in principle, one should take into account eight types of potentials. At the same time, as is known/S/, the vec~
tor mesons may have two coupling constants with the nucleon: the vector (g , , &p ) and tensor (f,, fp ), the scalar mesons —
one scalar( g o’ gg ), the pseudoscalar mesons — one” pseudovector ( f v fTI ), while the pseudovector mesons — either a pse-
udovector ( g . c) or pseudotensor ( fa , fc ) coupling constant. After all pogsible resonances with all possible coupling constants
wete taken into account, the total NN potential must contain, at least, 12 unknown patameters — three masses and nine coupling
constants ( if assume that each type of the symmetry corresponds to not more than one resonance and the pseudovector resonances
having G=+1 to be the same).

In view of a large number of the parameters, it is of interest to investigate the problem about the minimum number of tesonances
necessaty for constructing the plausible potentials. In doing this, one should, first of all, take into consideration the known w, p, n
resonances with the definitely established I, J, and P determining the form of the potential. As the analysis already made shows/g/y
a semi-quantitative agreement with the phenomenological potentials in the region x=pu 1> 0.5 can be obtained only if the neutral
scalar resonance is involved. The authors of/g/proceeded from the supposition in the spitit of Sakata‘’s model, that the effect of the
one-boson exchange is essential in the region lying outside the repulsive core (x = 0.35/1/ ), while the cote itself is due to the
intetaction of fundamenta;l baryons. However, it is well-known that still earliet™” many authors considered heavy mesons to be respon
sible for the repulsive cote. It seems interesting therefore to make an attempt to construct a model of N N potentials with the aid of

wuresonances in which the repulsive core would be obtained quite naturally.

2. A Model of Three (w, p, a ) Resonances

In constructing the potential we shall proceed from the existence ( see Table I ) of w, p, n resonances and assume, as it was
pointed out above, that there exists a neutral scalar a-resonance ( see also/ 10/ ) The total potential is a sum of the conttibutions

from a 7-meson ( OPEP) and the w, p, 4, a resonance exchange. A comparison may be made with a rather detailed phenomenological

NN potential of Hamada and Johnston (H-])/ v,

*
In the approximation of one-mesan exchange the PS and PV types of the PS meson couplings give practically equivalent potentials.

¥k
In/%/ there are references to earlier paper concerned with the role of heavy mesons in the formation of the repulsive core.



The procedute of constructing the potentials was as follows. As the tensor part of the potential contains the least numbet of

the parameters ( the scalar resonance does not give any contribution to V) we estimated, first of all, the coupling constants

+ :

fm b fnz * , by comparing the V rand V. potentials we obtained with the expressions of H—]. It was assumed in the calcu-
. . . . 2,

lations that u , = Ho= 5.51, » Uy = 4.0y, . It turned out at once that the best agreement is obtained if fq is assumed to be

zem, since the neutral pseudo scalar 7-meson leads to an inadmissible inctease of / V; / V: /. Thetefote, in further calcula-

2 2
tions the  meson was not taken into account. For vector mesons the values f = f =2,2 were obtained. The tensor potenti-

@ P
als with these parameters were calculated
+ - x -1 -4, 1
1 vy =-—f2_e__(1+3_+ 3 )t1 - 1801 + 3+ 3 2](1+—3~+%) e "3 /la/
w, T T ox x x? 55x  (55%) x X

1 = 1 7 e 3 3 - + 3 + _3 J(1+3 4+ 35l /1b/
_.V Tf”_x_ (1+ . +_xr)i1 5511 5 (5’5}6,( = x_’)

They are shown in Figs. 1,2. The results of H~] ate also given there.

In order to calculate the central and LS potentials it is necessary to take into consideration the contribution of the scalar
a-tesonance. Experiment fails so far to give a strong indication to its existence. So, a-tesonance is likely to be a #+ 7 “resonance
at 395 MeV, whose probable existence was indicated in/11/ and tecently established in/12/, ( see, however,/14/), As the situation
with the ABC-tesonance in the region of 300 MeV is also uncertain (/ 3/ p. 713) in the calculations use was made of the mean va-
lues out of these two ones: = 2.5 ¢ . As a result of the analysis of the V _ and V,  potentials thete wete obtained the
following values of the temaining parameters: g Z) =12, g:) =20 , g: = 1.2, Table 2 lists the parameters of the model
which were used in the calcula tions of the potentials. The requirement g, f w0’ 0, g o fp >0 is necessary to get a correct

/1/‘

+ -
relation between VLS and VLS, No analysis was made of the quadratic spin-orbital potentials, because of their large ambiguity

Table 2
@ p a
B, =95u, By =558u, g = 25u,
2 _ 2 _ 2 _ 2 _ 2 _
g =12 fm 2,2 gp 2,0 ip 2,2 g, 1,2
g(u f(u> 0 £ P fp >0
The central and LS potentials shown in Figs. 1 -3 are then determined by
+ — - -
Al SN SIS RILAY7 Pl /2a/
] X
3 + - -1,5 -4,5
._1_ Vc=—f172 ex[1+ 15 e x—jge l] /Zb/
Ko x
2
2 Fﬂ ﬁ
All the coupling constants are rationalized, so f,-, = T = 0.08. 1t is assumed here and further that =¢c=1.
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- R ~1,5x -4,3x
L 'y a3’ (1-50e +61e ] /2¢/
o, c x
3 P - -1,8x -4,8x
e A S L P /24
X
mw

1 ~8,8x 1 e-2,48x

Lyt <0310+ ) 00341+ ) &% /3a/
1 Ls , 5 x XT 2,5x x’
-~5,8x -2,8x
Loyt )% L —o03a(1+ L ) " /3b/
Ko Ls 55x x 25x Xa '

As is seen from the Figures, the obtained potentials (1) — (3) are in good qualitative and close guantitative agreement with the
results of H -], and especially , if we take into account that deep wells of the phenomenological V: potentials are not, apparen-~
tly, physical ones and can be eliminated by a certain softening of the repulsive core as is the case in the Signel — Marshak‘s 13/
potential. They have also the right long-range part which is due to the one-pion exchange and is checked experimentally best of all.

In order to get the repulsive core we are in need of rather a large coupling constant gza, >> f z, . This relationship between the
constants is in agreement with the result obtained in analysing the effect of the vector resonances on the electromagnetic form-
factors of the nucleon/14/, Besides, it should be taken into account, that a large gi, constant implies a great contribution to
f:) of the ““normal” - moment of the nucleon. It is worthwhile nothing that the value g:, = 2.0 is close to g:, =1.7
obtained in/14/, and to the estimate of Sakurai { /3/ page 176) g;xs 2.0. The value f; = 2.2 is somewhat less than f;= 3.7

obtained in /14/.

Of intetest is an insignificant role of the x-resonance ( f:’ =~ 0) which is in evident discrepancy with the large cross section
for 7 -meson production in 7p collisions’4/. This is likely to be a consequence of the existence of the, I=0, J = 1+ resonance
whose contribution to the NN potential is close by magnitude, but of the opposite sign/ 5/, As is well-known the decay of the
pseudovector mesons into two 7-mesons is forbidden. Therefore, if the mass of such a meson is somewhat greater or smaller than
3up, , then it is very difficult to be observed™.

Thus, we think that the question is still open both from the theoretical and experimental point of views as to whether it is
necessary in interpreting the nuclear forces to take into account the additional ( to the w, p, a ) resonances, particularly the
pseudovector ones. It would be very interesting to make a complete analysis of the experimen tal data in the energy range of
<=l 300 MeV according to the model including all the possible resonances. It is clear that any criteria and limitations imposed on the
coupling constants and on the resonance masses could make this problem easier and lead to a more unique solution. One of the
great advantages of the resonance model of NN interactions is that the parameters it involves can be independently checked in the

course of the analysis of a large number of phenomena, e.g., #N scattering, electromagnetic form-factors etc. It is also interesting

to investigate what information may be obtained from the consideration of the many-nucleon system, i.e., the nucleus.
3. Weizsacker’s Formula and the Parameters of the Resonance Model.

It is well-known that the main difficulty in the application of the phenomenological two-nucleon p otential to the nucleus is how
to take consistently into account the correlations, that is the patt of the interaction which cannot be treated in the Hartree-Fock’s

approximation (H— F) ( see, e.g.,/ 15/y . The point is that due to the strong singularity the hard repulsive core forbids the consi-

*
The author is grateful to L.L.Nemenov for this comment,



deration by the perturbation theory, though it is well-known that the independent particle model is a good approximation for discrib-
ing the nucleus, at low energies , at least. On the other hand, as the repulsive potential of the Ukawa type obtained in the tesonange

model is not so singular, it can be taken into consideration already in the first order approximation of H—] what simplifies apptre-
ciably the consideration of the nuclear ground state on the basis of the nucleon -nucleon interaction.

Here we shall not be concetned with the effect of the principally allowed many-particle forces. Just note, that there ate so far
no reliable experimental data indicating to a noticeable role of the many-particle forces in the nucleus. Moreover, even if only the
pairing interactions are taken into account, this permits to explain the nuclear binding energies/ 16/, 1n what will follow therefore
we will resttict ourselves to the two-nucleon interaction.

The problem is what limitations on the parameters of the tesonance model can be obtained from the analysis of the nuclear bind-
ing energy. In doing this, we shall assume that the conttibution to the NN potentials is given by all the resonances containing in
Table 1.

According to modern concepts about the nucleus based on the success of the shell model the wave functions of individual
nucleons are “‘smeared out’’ over the whole volume of the nucleus. Thus concerns both the spatial variables of the nucleons and to
their spin and isotopic spin variables. Hence, the nucleus can be regarded as an extended system having a definite density of nuc-
leons, of spin and of isotopic spin. Such a system possesses a definite potential energy corresponding to each form of the interac
tion. Here it is convenient to represent the NN potential as a sum containing different structural elements.‘

V=V, + G (@poy)+ Vo (7,7, )+ V (0,0, )17 ). /4/

For the extended sources of the meson flelds by o and r one should mean now the density of the spin and isotopic spin in the
nucleus, while expression (4) corresponds to the potential energy of the interaction of two elements in the nuclear \mlume."".I If we
assume that the nucleon density inside a spherical nucleus with a sharp“* edge is constant, then for each of the potential energies

1/3
we shall have (R =t A )

2 /5/
v, =3 4 S yk'_g;xll(ukm, i=00,7,0r.
2 k © ok
Here the following notations are inttoduced ( N is the number of neutrons, Z is the number of protons, A=N+Z ):
0 - even-even nucleus
- - N=-2,° ¢ = 1 . odd A
T o A’ 18/

€ T " o 4/A4 = oddodd nucleus

*
The role of spin-orbital and tensor forces in a spherical nucleus is likely to be insignificant due to a large averaging.

ok
This statement implies, in fact, that the potential energy of the nucleus is calculated in the Hartree’s approximation. As ocan be

shown/u/ for the nucleon system with N =2Z the neglect of the exchange for the most essential part of the potential vO leads to
an errot not larger than 28%. This accuracy is sufficient for our purpose — to get preliminary limitations on the parameters of the re-
sonance model. As the main contribution of the repulsive potential is consldered in the Hartree’s approximation one can also expect

that the remaining part of the correlations which was not taken into account is not very appreciable.

Aok
The assumption about a sharp edge was made for the sake of simplicity and does not affect easentially the quantitative estimates

except the term of the surface energy. ( see below).



for the magpitudes determining the density of nucleons, isotopic spin and spin, respectively. At the same time the value 4/A2 for
odd-odd nucleus  corresponds to the assumption on the addition of the spins of odd nucleons what is in agreement with the empi-
2
tical rule of Nordheim/ 17/, Since the factors ( _.P_‘._;.'_Z___) and + are small, we shall neglect further V  as a magnitude of
or
the second order of smallness.
The numetical coefficients yi measure the contribution of the corresponding resonance to the i-structure. For example,
Y=1,y ==1, y%=2/3 , etc.
© a @
The function I (x) is of the form

I(x)=1-3 L+ 3 1 -3 (x+1)) &77°" 11/
2 x 2,3 2 3 .

In the case of heavy mesons and sufficiently heavy nuclei p,R>>1, so that in (7) only two terms should be retained

I(uR)= 1~ 3 _L /Ta/
2 uR
for the main part of the potential energy Uo and one first term for U, U,
2
In another limiting case when pR -0, from (5) and (7) one can get the well-known expression for the Coulomb (¢, = Zz
A

y=1) energy of the nucleus

w

N

o
L]

Ve= 5 — 15
It can be easily seen that the potential energies U 0’ U, , end U_ are analogous to different terms of the semiempirical formula

of Weizsacker for the nuclear binding enery/ 15/ ( all the coefficients are expressed in MeV )

2/3 2 2
-E,  =— 15754+ 17,8 A + 0,710 2 + 23,7 (N=2)%y 34 78/

~ I even-even nucleus
o = 0 odd A

+1 odd-odd nucleus

When expressions (5) are compared with the cotrresponding terms of (8), we put to be ro= 1.22 f what is consistent with the coef-
ficient 0,710 for the Coulomb term. Besides the potential energy, one should take into account the kinetic energy of the nucleons.
With this aim use is made of the Fermi-gas model. The contribution of the kinetic energy to the volume and surface tetms, as well
as to the term of the symmetty energy in (8) is 20 MeV, 7.6 MeV, and 11 MeV, respectively. As a fesult, we get the following rela-
tions for the coupling constants and the resonance masses ( ®= 1)

It follows from the volume energy that

/9/
2 g’
8a - 5S4 = 0,10 -
2 w?
"o, w
from the sutface energy*
2 2
£a - Bu < 002 /10/
IJ-: Hw

and from the symmetry energy

* The inequality sign is obtained from the account of the fact that the diffusion of the nuclear boundary whioch aotually

2/3 )
oocurs yields the additional terms - A , decreasing thereby the contribution of the potential energy.



2 2

J&% - Ji; = 0,040 . /117
", “y

2

2
A comparison with the term of the pairing energy yields also a relationship between the constants fcu , f’) , £ b * However, we

are not sure that the term of the pairing energy should be accounted for just in this way, and not for the effect, e.g., the dynamical

correlations between nucleons which we neglected.

If, use is made of the value g2 = 2.0, then from (11) the following estimate of the coupling constant of the scalar I =1 reso-
p

nance is obtained

2
g, = 0,43 . 712/
¢
. +
The account of the ¢ resonance would lead to an increase in the attractive part of the V. potential which improves agree -
/10/

ment with the phenomenologi cal potential ( Fig. 3 ). This has been already pointed out in

It can be easily seen that the parametets of three tesonances listed in Table 2 do not satisfy Eq. (9). For gz)= 12, p=5.5,
and p, = 2.5 we get from (9) the value of 12.: 3.1. This emphasizes once more that basing only upon the comparison with the
phenomenological N N -potential one can hardly get the unambiguous estimates of the parameters of the resonance model. However,
it should be kept in mind that the correlations, if taken into account, will give a small probability for NN short distances, reducing
thereby the contributions of the @ and p -resonances in the potential energy of the nucleus. Thus, expressions (9), (11) and (12)
must be regarded as equations defining the upper limits for g: and g’é@oupling constants.

Note, finally, that this model allows to write equations for the potentials which the mesons of different symmetry form in the
nucleus. As is seen from the above analysis, the main role in the nucleus belongs, appatently to the « , a resonances. As to the
role of the 7 meson potential for example. it is very insignificant, indeed.

Owing to p Sh the nucleus must have the attractive potential of the form e-u" /t at large distance from the nuclear
boundary. If this is compared with the behaviour of the optical potential of Saxon-Wood type e e (a=10.65f) then we get the

following estimate for the mass of the neutral scalar a-resonance p, = 2.2 which is in good agreement with the value assumed in

Sec. 2.

The consideration concerning the nuclear potential energy and the optical model parameters from the point of view of the reso-

nance model provides an additional argu ment for the supposed existence of the neutral scalar a -resenance.

Conclusion .

There is hardly any doubt that the discovery of the strong 7w interaction implies a new stage in the meson theoty of nuclear
forces. It is not still clear to what extent the non-resonance exchange of several 7 mesons may be heglected. The consideration
given above shows that tie account of the resonance exchange only provides a correct qualitative description of the nucleon-nucleon
potentials ( Fig. 1-3).

As far as the quantitadve characteristics of the resonance model of the NN interaction are concetned, they should be consideted
to be still rather tentative. This is due, first of all, to the yet unsolved problem about the number of principally possible resonances
( Table 1), whose contribution to the nuclear forces is necessary to be taken into consideration. Another reason is a certain ambi-
guity of the phenomenological potentials, which are used to make the estimates of the model parameters. And, finally, the account of

the non-resonance exchange may lead to some change in the quantitative estimates.



Therefore, it is necessary to resort to additional criteria for the coupling constants and resonance masses. The experimental
values of the masses of some resonances are known. The limitations on the remaining parameters should be found from an indepen-
dent analysis of the phenomena different from the NN scattering , e.g., the electtomagnetic form-factors. = N- scattering/ 14/ and
the like. It should be born in mind as well, that the resonance model admits a natural generalization to the potential interaction in
the nucleon-antinucleon system that may setve as another source of information about the quantitative characteristics of the model.

Besides, as is shown above, some criteria can be obtained from the consideration of the properties of the many-nucleon systems,

So, the values of the coupling constants of the w, p, a resonances with the nucleon should be regarded as preliminary.
There are, nevertheless, additional arguments in favour of the large coupling constant of the w -resonance, different from those of
the nuclear forces. Indeed, a small width of the w -resonance/14/ which is likely to mean that the constant € o is small allows
to expect a large value of the ngconstant because of the large cross section for the @ -meson production in #p collisions. This
gives additional grounds to believe that it is the w ~meson which is responsible for the appearance of strong repulsion at small dis-
tances. Its most important role here is to supptess the influence of possible resonances with the mass u > p . Therefore, in the
region of not too high energies, or more accurately, of not too latge momentum transfer, one can restrict oneself to the consideration
of the resonances with the masses 2, <u < 5.6 By - The difference in the estimates of the coupling constants of the w, p, a -
resonances obtained in this paper and in/ 9/ can be accounted mainly for the role which in our considetation is attributed to the
w ~resonance.

In conclusion let us emphasize that the phenomenological resonance approach to the problem of strong interactions appears to

/ 3/

be very promising, as it was also noted in the discussions at Geneva Conference.

The author is deeply grateful to G.M.Vagradov, G.N.Vyalov, D.A.Kirzhnits, and L.D.Solovyev for useful discussions and

valuable advice.
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tesonance model

Fig. 1. Triplet even potentials.
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resonance model

Fig 2.

Triplet odd potentials.
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Fig 3. Singlet potentials.
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