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ABSTRACT

The nucleon-nucleon interaction is considered by including the

colour nucleon clusters. The nucleon-nucleon system Is treated as a

six-quark system. The obtained local potentials reduce the short-range

repulsion. The resulted nucleon-nucleon potential by using a quark-

'iuark potential well agrees with the central-force potentials. The

phase shifts calculated by using these local potentials are in good

agreement with those obtained from other methods. Introducing the

quark-quark potential in the nucleon-nucleon interaction, leads to a

colour van der Waals potential very strong than that predicted by

experiments.
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The nucleon-nucleon interaction has been shown as being one of the moat

interesting fundamental problems in nuclear physics over the last feu years.

Recently ' , the symmetric quark model considered thfc nucleons as being

composed of three quarks. These quarks are in an antisymmetric colour state

and thus nucleons are colour singlets. The quantum chromodynamics in-

troduces a better understanding of the nucleon-nucleon interaction at short

separation distances through the quark-gluon degrees of freedom. The

colour interaction between the quarks forming the colourless nucleons are

found to lead to an intrinsically non-local nucleon-nucleon interaction.

The one gluon exchange with an ad hoc confining potential is used to

derive the nuclaon-nucleon potential. These calculations show that

the exchange of coloured quarks leads to strong repulsion at short distances

but with insufficient attraction at the intermediate range for the central

nucleon-nucleon potential. The additive potential model of coloured

quarks succeeded in determining the properties of single hadron states , it

shows a failure for the experimental data for hadron-hadron interactions.

In a non-relativistic quark model, the study of the six-quark system

gives some of the features which are expected from quantum chromodynamics

as well as leads to an effective nucleon-nucleon potential with a

strong repulsive core together with attraction at the intermediate range

comparable to those of semlphenomenological potentials. Calculations for

the short-range part of the nucleon-nucleon interaction with quark-gluon

exchange process are carried out . In these derivatipns, the general

spin-isospin structure of the central and spin-spin part and the dominant

colour magnetic contribution are determined. These calculations showed

a characteristic discrepancy from corresponding predictions provided by
8)

conventional vector p and ID meson exchanges which suitably re-

present the empirical data. Since that the short-range correlations in

nuclear wave function are strong and repulsive, the nucleons should be

apart that the quark exchanges and multiquark effects are reduced. While

this repulsion might iself be possibly a matter of manifestation of the
9)multiquark effects . The exchange of quarks between overlapping nucleons

gives a quark-exchange contribution to the Coulomb energy.

The behaviour of the nucleon-nucleon interaction at short separation

distance is more clearly to understand by the investigations done using the

resonating group method . This method introduces the advantage of

evaluating the needed exchange kernels explicitly In a closed analytic form,

as long As the model Hamiltonian is given. Therefore, with the resonating

group method, the different diagrams of the quark-gluon exchange and its

different effects and importance can be studied. The resonating group



12)
kernels are constructed taking into account the full Brelt interaction,

in order to investigate the short-range part of the nucleon-nucleon inter-

action. These calculations show the importance of the Darwin term as

well as the relativtsatic kinetic energy corrections. These terms Introduce

a contribution to the kinetic energy of the nucleon-nucleon relative motion

reducing the strong repulsion given by the colour magnetic interaction.

Including the coloured nucleon clusters in the nucleon-nucleon interaction,

the two-nucleon state is treated with a mixture of a colour singlet-

singlet and a colour octet-octet components and the nucleon-nucleon

potential is obtained by introducing a Coulomb type quark-quark potential.

In the present work, quantum chromodynamics Is used in treating the

nucleon-nucleon interaction at short separation distances which acts as a

guideline in using a perturbation theory. The nucleon is considered as

being composed of three quarks. The three quarks exist in three colours,

and so they form an antisymmetric colour state. Therefore, the colour

nucleon clusters are colour singlets. Then, the spin-isospin wave function

of the nucleon should be symmetric. Thus, we treat the nucleon-nucleon

system as a six-quark system. The quark-quark potential is taken into

account So, together with the coloured nucleon clusters are also con-

sidered the nucleon-nucleon interaction! which is of the central-force

potential nature, is developed. Phase shifts are numerically calculated

io be compared with other calculations using other methods. Also, the

present predictions and contributions to the nucleon-nucleon interaction are

investigated at short separation distances, at intermediate range, and at

long-range which give the colour van der Waals potential.

In Sec.II, the theoretical and mathematical expressions are in-

troduced. Numerical calculations and results are given in Sec.III.

Sec.IV is devoted for discussion and conclusions.

II. THEORETICAL AND MATHEMATICAL

EXPRESSIONS

The nucleon is considered as composed of three quarks. Thus,

the nucleon-nucleon system is to be treated as a six-quark system. Then,

the exchange of one gluon between the quarks gives the Breit interaction

with a non-relativistic approximation up to the order of v /c . The

quark Hamiltonian H is given as the sum of the ten terms

(1)2_>
i = 1
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The different ten terms of the Hamiltonian are given by the following

expressions.

The kinetic energy term is

IIj - Z tl/(2m)J_Pj (2)

The quark-confining potential of two-body form term is

(3)

The central and delta function interaction terms are

- E (5)

H5 = "
(6)

The relativistic correction to kinetic energy term is

H, - - £ tl/{8
6 ±

P (7)

The relativistic correction to the Darwin term is

H; = - E I

The non-central potential terms are

(8)



Ha - - H a h2(X .Xo l cj sc 1 j

. { [ r . . x ( P - 2 P . ) ] . a . - [ r x ( r - 2 P ) J . o }
••"Ij —I —j —l —ij "J — i ~J

(9)

The spin-orbit term Js

(10)

"
c s.o.

•o
(11)

In the above equations (1)-(11),giving the quark Hamiltonian, a

onfining potential of th

of this potential is given by

quark-confining potential of the two-body form v ̂. is used. The form

(12)

where A. are the Gell-Hann matrices of the SU(3) colour generators

for the i quark and they are normalised as

and o - 1 8.

(A. .A.) - £ \a. \a. = 16/3
1 J i-l

o s c is the strong coupling fine structure constant.

The nucleon wave function is denoted by x N U j , S2' S3), where

tj represent the quark co-ordinates including the spin, isospin, flavour,

colour and the spatial degrees of freedom. Then, for the spin (s •= 1/2)

states of the three quarks, we have

O S

-/1/6 (2 |ju\i - pvu -
for sz - + 1/2 (U)

for s z = -1/2 (15)

-5-

\>A(.h)

Q
X ' (uv-

for s z = +1/2 (16)

for s = -1/2 (17)

Eqs..(14) and (15) are symmetric for interchanging the first two quarks,

while Eqs.(lo) and (18) are antisymmetric for the same interchange. Also,

for the isospin (t • 1/2) states of the three quarks, we have

T.A

T,A

=/l/6 (2 uuv- uvu- vuu)

(uvu-vuu)

(uvv-vuv)

for

for t3 = -1/2

+1/2 (18)

(19)

for t3 - +1/2 (20)

for t, = -1/2 (21)

From Eqs.(14)-(21), the symmetric and antisymmetric spin-isospin states for

the three quarks, are formed as

a,A T,A a,S T,S

\ (Sz> *N (
(22)

/T7I
o.S T,A d,A T,S

(23)

In the same way the symmetric and antisymmetric octet states of the three

coloured (red, green and blue) quarks in the SU(3) are formed and denoted

by *S(a) and * A U ) , respectively, where o • 1,..,,B. The symmetric

spatial function of the three quarks is denoted as 4 . Then, an anti-

symmetric wave function for the three quarks in a colour-octet state with

spin s and isospin t is formed as

S A
* (a) XN(

AS

* (a) V
(24)

Then, the system of two nucleons is considered as a six-quark system. The spins

and isospins of the two-nucleons are coupled together giving a total spin S,

-6-



S and a total isospin T, T-.

six-quark nucleon-nucleon system is given by

The colour-octet wave function of this

(25)

ST

is given by xN(«s tIn Eq.(25), the three quark wave function Xu^.t

as expressed by Eq.(2k), While *n/J?i2* i s t h e r e l a t i v e motion wave

function, where R,2
 = J?|~ .£7 *s t n e relat-ive separation distance vector

between the centers of mass of the two nucleon clusters. Using the

Clebsch-Gordan coefficients in the SU(3), then Eq.(25) is given by

*f(ST,S T,)
z 3'

f

lW SYz fcY3*

(26)

In Eq.(26), X and Y refer to the two-nucleon clusters, and a » (t'.ti.y1)

referring to the quantum numbers of the colour space. j4r makes the wave

function f as totally antisymmetric for the exchange of the quarks between

the two nucleons and is given by

- 9 (27)

Pi, in Eq.(27) exchanges quark i from the nucleon cluster X with the

quark j from the nucleon cluster Y. The right-hand side of Eq.(27) can

be written as the sum of two terms as

C(l/2)(1 - + C(-9/2)

-7-

(28)

The first term on the right-hand side of K<j.(28) results to the direct part of

the kernel, while the second term gives the exchange part. This exchange

part of the kernel is given by

(E)

"Si &«'>
o 1

- R')
ST

(29)

Let us denote the contributions of the different parts of H. to

the internal energy of the nucleon by c^ as < ^ X N I H J X N ^ • a n d ttle

energy of the relative motion of the nuclean-nucleon system in the center of

mass co-ordinate by E, then we get for the exchange part of the kernel

(E) 10 (E) (E) (E)
K (R,R*) = I tlL (R,R')-2 c K (R,R')] - E L (R.R1) (30)

- - 1=1 "i - ~ 2

where K, is the norm kernel of the exchange part with H « 1. The

relative motion wave function \|i|g(R.~) for the spin and isospin symmetry is

given by

t(R12) - (1/2) I V ^ " (-1

Then, we are lead to the equation

C A T

(31)

-(" /2U) (32)

where u is the reduced mass of the nucleon-nucleon relative motion subject

also to relativistic corrections from the kinetic energy and the Darwin

terms shown by Eqs.(7) and (8).

Eqs.(2S) and (26) are the colour octet wave function. Then, we

can form an internal wave function for the six-quark system as the sum and

mixture of a colour singlet-singlet component and a colour octet-octet

component. Then, by using the exchange part of the kernel, we can get an

-8-



equivalent local potential. This equivalent local potential for the
nucleon-nucleon potential V(R) is defined by using Eq.(32) as

-(nZ/2n) J^ *'(R) + V(R) ij;1 CR) = E Vm (33)

To solve Eqs. (32) and (33), then *(£) and the local • '00 are written

In the partial wave expansion as

* 1 f
£(

R> Y < «
Then, the phase shift can be obtained from Eq.(34), since

(34)

f,<R) kR Ccos - sin 6£ n£(kR)] (35)

where k is the usuak k wave number •
7 1/2
)

III. NUMERICAL CALCULATIONS AND RESULTS

In the present work, we calculate the phase shifts of the six-quark

system for the nucleon-nucleon system. For carrying these calculations,

a confinement potential is used. The strength and other different parameters

of the internal orbital functions of the nucleons chosen as harmonic

oscillator functions as well as the quark mass are chosen subject to some

conditions. These conditions are that the quark mass should lie between

the 300 MeV and 360 MeV values. The second condition is that the reduced

mass (J should be half of the nucleon mass. The third requirement is that

the nucleon mass should be extracted correctly from the Hamiltonian H as

given by Eqs.O)-(U). The fourth condition is the stability condition '

In the present numerical calculations, we used a confinement

potential vith strength of 86.9 MeV, a quark mass of 535 HeV/c and a

harmonic oscillator constant for the harmonic oscillator functions with

value 0.558 fm. Then, numerical calculations are performed for cal-

culating the phase shifts using Eqs.(32), (34) and (35). The obtained

present theoretical calculations are shown in Figs.l to 3. For the purpose

of comparison, also, phase shifts extracted from the phemomenojogical short-

range terms of the Paris potential are shown in Figs.l and 2. In Figs.l

-9-

P, states.to 3, the phase shifts are calculated for the So, Sj and ,

The present theoretical calculations cannot be compared with the experimental

data, since the Intermediate and long range nucleon-nucleon Interactions
are not described by the present consideration.

Eq.(32) has been numerically calculated also for determining the

equivalent local potental for different channels separately. Then, the

phase shifts of these channels are numerically calculated and obtained to

be compared with that presently calculated and introduced in Figs.l to 3.

The agreement is quite good especially at large values of the laboratory

energy. For higher values of I where the difference in obtained phase

shifts from both methods is large, a WKB approach should be used. This

WKB approach with the partial wave expansion should be used for the higher

(.-values channels as the D, state. For this purpose, a mixture of colour

singlet-singlet and colour octet-octet states is used in calculating the

nucleon-nucleon potential. The strong coupling constant a is taken

to have the value of 100 MeV. Then, the nucleon-nucleon interaction and

phase shifts can be calculated.

The colour van der Waals potential between the two nucleons arises

at long ranges. At these relatively long ranges greater than 1 fm, only

the direct term of the interaction predicts a contribution to the nucleon-

nucleon interaction. This produces a Coulomb-type potential which results

from one gluon exchange. Therefore, the present obtained and theoretically

calculated value of the colour van der Waals potential between the two

nucleons is -2.7 MeV fm/R. In comparing this theoretically calculated

value with the experimental value of being less than 2 x 10 MeV

fm/R, we see that the agreement is out of order.

IV. DISCUSSION AND CONCLUSIONS

In the present work, the nucleon-nucleon interaction is calculated

with quark exchanges. The quark-quark potential is introduced. The

Breit interaction is taken into account together with the one gluon

exchange between thu coloured quarks. The relativistic corrections have

been introduced for both of the kinetic energy and the Darwin terms. The

short-range part of the nucleon-nucleon interaction in the present

theoretical calculations of the phase shifts of the SQ, S, and P,

show) a good qualitative agreement with the phenomenologically short-range

terms of the Paris potential. The present calculations of the phase shifts

cannot be compared with the experimental measurements, since the present

-10-



nucleon-nucleon interaction did not describe its intermediate and long range

parts. Hovever, the present results are in good agreement qualitatively

with the previous calculations of phase shifts considering nucleon-nucleon
1) 8)

interactions from quark theory or from meson theory

Also, by taking a mixture of colour singlet-singlet and colour

octet-octet states, especially at relatively long ranges greater than

1 fm, a Coulomb type potential is obtained from one gluon exchange-

Then, the colour van der Waals potential between the tvio nucleon is

calculated and is found to be out of order from the predicted

corresponding values by experiments. This result unlikely contradicts

the previous analysis that the quark-quark interaction leads to

van der Waals potentials. However, still some other processes in the

quark theory should be included to determine the nucleon-nucleon

interaction.
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FIGURE CAPTIONS

The calculated S Q phase shifts. The solid curves represent

the present theoretical calculations. The dashed curves are

calculations using the Paris potential (Ref.lS).

The same as in Fig.l, but for the S. state.

The same as in Fig.l, but for the P, state.
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