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Abstract 

Conditions where some swelling of the nucléon occurs, and, in 
particular the relation of this effect with the attractive character of the 
force acting on it, are studied. It is found that short range repulsive 
correlations can turn the swelling into a shrinking, in spite of a globally 
attractive interaction, whereas repulsive velocity dependent forces can 
lead to some swelling. The role of the Roper resonance in this nucléon 
change of size is considered in some detail. 
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1 Introduction 
The relationship between the swelling of the nucléon in nuclei and its bind
ing energy [lj is a very attractive one since it may provide a simple explana
tion to the lack of strength observed in the longitudinal response measured 
in inelastic electron scattering [2]. It has hardly been explored however, 
and it is the aim of this paper to contribute in determining the conditions 
which may lead to such a swelling. This will be done from the model of a 
nucléon at rest, built from 3 non-relativistic quarks moving in a confining 
harmonic oscillator potential, and interacting with other nucléons through 
the exchange of u> and a mesons. This is a very simplified view of the in
teraction of some nucléon with other ones, but it is sufficient to emphasize 
circumstances where some swelling occurs and which, however, differ from 
those recently considered by Oka and Amado [l]. 

Apart for its simplicity, the above model provides an example where 
the same physical processus can be viewed in two different ways, some
times presented as irreducible to each other. On one hand, the nucléon 
immerged in the nuclear medium keeps some of its identity, its compo
nents being allowed to arrange themselves according to the external field. 
This picture probably is the most appropriate in an independent particle 
description of the nucleus from effective forces. On the other hand, the 
nucléon in the nucleus remains identical to the free one but, through me
son exchanges, components with such nucléons in the nuclear system get 
admixed to components involving nucléon excitations, such as N* and A. 
This approach where the nucléon and its excitations keep their free particle 
properties can be related to the tremendous work which has been done on 
the NN interaction (see for instance refs[3j). With respect to the present 
topic, and in a uniform medium, the resonance which is the most likely to 
play some role is the Roper resonance, exclusively seen in this paper as the 
first collective radial excitation of the nucléon. We will therefore complete 
the study of general circumstances where some swelling occurs by an in
dependent, and possibly more realistic, estimate of the effect due to the 
coupling to this excitation. There are several other proposals to account 
for the lack of strength observed in inelastic electron scattering, but their 
relation to some swelling of the nucléon within the nuclear medium is not 
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as straightforward as in the above example where the charge and matter 
radii are identical, at least in the simplest case. Those explanations involve 
some rescaling of nuclear properties [4], relativistic effects [5], quark effects 
beyond those considered here [6j, nuclear correlations [7,8] and the meson 
cloud of mesons [9] with its modifications by nuclear correlations [10]. 

2 The nucléon in an external field 

The model hamiltonian describing the system under consideration here may 
be written as : 

H = H0 + Vext. 

with 
Ho = £(p?/(2m,) + (ri - r0f/(2mX)) + ct , 

1 

Vf. = E W P ) - 1/2 [P./(2m,),[p,/(2m,),C(f;)]]) 

- E(K?V.) - l/2{ft/(2m,), {ft/(2m,)t !?(*)}}) , ( 1 ) 

[a, b) = ab — ba, {a, b} — ab + ba , 

and 
Vw%(r t) = G„,aj <«/»(fl) e—«l' , '-*l/(4ir|»i - R\) , 

with 

C*w,(7 = 9w,oNN9w,oq<l\— 9u,aNNI") ' 

The quantities m, and ro represent respectively the quark mass and the 
center of mass of the nucléon which is studied whereas p(R) is the den
sity of neighbouring nucléons. As it can be seen on the above expression, 
some relativistic correction of kinematical origin have been retained for the 
contributions of w and a exchanges. 

Two particular cases may be considered. In the first one, the external 
fields produced by u> and a exchanges are constant, corresponding to a 
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uniform density p(R). The hamiltonian may then be written as : 

H, = H0 + £ K? - £ ^ ( 1 - P?/(2m,2)) (2) 
i t 

In the second case, the external field is not constant, but terms of the 
order (p/m,,)2 in (1) are neglected. Furthermore, it is assumed that only 
small fluctuations of the potentials, VJ(ri) and V£(rt) , around the nucléon 
center of mass, r 0 , are relevant so that, in the case where p(R) is spherically 
symmetric around r 0 , one gets : 

V'sft) = V „ y r 0 ) + (r< - r 0 )
2 / 6 x K . ^ f o ) - G^pft)) ( 3 ) 

This expression has been obtained by using the relation : 

A(e-"7(47rr)) = ^e^f{4wr) - 6{r) . (4) 

The hamiltonian then may be written : 

H2=H0 + J^lV<{r>o)-V<(r0) . . 
+ (r,- - ?o)V« x ( K ^ ( n , ) - Gup(r0)) - (mlVJ(r0) - GaP(r0))\ . W 

The interest of the two approximate hamiltonians given by (2) and (5) 
resides in the fact that they can be solved easily since the constant terms 
have no effect on the wave function and that interaction terms linear in p 2 

or (fi — ro) 2 can be incorporated respectively into the kinetic energy and 
harmonic potential terms of Ho. 

In absence of external interaction, the nucléon wave function (free case) 
is given by : 

pN(r{) = He-WZ'K-t'n^X > (6) 

where M and \X > respectively represent a normalization factor and the 
spin-isospin-color part of the wave function. With our conventions, the os
cillator parameter, 6Q, can be identified to the mean square radius. When 
the interaction with the external field is turned on, the nucléon wave func
tion simply becomes : 

^ ( F . ) = ^' e-«/«E.-C.-«.)VC|x > (7) 
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with 
*J?/6S = 1 + *(< r 2 > ) / < r 2 > = (1 + Vf(r0)/mq)

1'* (8) 

or 

*!?/68 = i + *(<r»>) /<r*>= , , 
(1 + m,6*/3 x [miVJ(Fo) - Gup(r0) - m ^ ' f t ) + GaP{f0)\y

112 , K ' 

depending we are considering the hamiltonian (2) or (5). 
Clearly, the relativistic corrections retained in (2) have the effect of 

increasing the mean square radius since V* is a positive number. If one 
assumes a quark mass of 300 MeV and a potential V£ equal to 1/3 of the 
similar one for nucléons in nuclear relativistic approaches, Vj* = 400 MeV, 
one gets an enhancement of about 20 % for the mean square radius, or 10% 
for the root mean square radius itself. The swelling obtained in this way 
has an origin quite different from the one found by Oka and Amado [l]. It 
involves the velocity-dependent term of (1), {p 2 , V£}/m2, which rather is 
a repulsive one and, furthermore, gives rise to a non-zero effect in uniform 
nuclear matter. 

The effect considered by these authors may be discussed from our sec
ond approximate hamiltonian, given by (5). One can first show from the 
corresponding expression for the change in the mean square radius, (9), 
that it is zero in the case of uniform nuclear matter since one has then 
^wai^o) — GUt(,p{r0)jmllo. This result confirms the one obtained by Oka 
and Amado [1] for a nucléon immerged in a uniform potential, but goes 
somewhat beyond since it also holds when this potential is generated by 
2-body interactions. In the case of the a exchange, the absence of effect re
sults from a cancellation between a finite range contribution (the 1" ' term 
in the r.h.s. of (4) : m 2 e _ m " r / ( 4 ? r r ) retained by these authors, with a 
zero range contribution (the 2nd term in the r.h.s. of (4) : —S(r)), omit
ted in their work. It can also be seen from (9) that the modification of 
the mean square radius is not directly proportional to the strength of the 
NN potential, since the effect of shorter range contributions is somewhat 
enhanced with respect to the one of longer range contributions. Thus a 
Yukawa type NN potential which is simply cut off by an other Yukawa 
-{e~m"r — e _ A r ) / r , has no effect on the mean square radius in spite of its 
attractive character in the whole space. Such a result should not surprise, 
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since the single particle potential, V£(r), which is then produced by neigh
bouring nucléons, and is acting on quarks under consideration, is constant 
for a uniform nuclear matter density, hence AV£(r) = 0. It thus appears 
that any change in the mean square radius will suppose to go beyond the 
approximation of a constant nuclear matter density retained until now and 
will therefore depend on fluctuations in this density. Among these ones, 
we might quote short-range and Pauli correlations. On the other hand, 
any effect is expected to be very sensitive to the shape of the potential, in 
particular to the balance between the long range attractive part of the NN 
force and its short-range repulsive part. To these sources of uncertainty, 
we should also add the oscillator parameter, 6 2 , which appears in tl r.h.s. 
of (9) and whose current values with our conventions vary between alues 
of about 0.22 fm2 (see for instance ref. | l l ]) and 0.67 fm2 (fit to the proton 
charge radius in the simplest constituent quark model). 

From now on, it is clear that if one assumes a large short-range repulsion 
between nucléons such that the probability to find two nucléons on top of 
each other is zero (p(ro) = 0), there will be no contribution of the zero-
range terms in (5) and subsequently in (9). In such a case, the a exchange 
contribution which is attractive, will enhance the nucléon radius while the 
oj exchange contribution, which is repulsive, will decrease it. If one again 
refers to the usual values employed in nuclear relativistic approaches (V^ 
= 400 Mev, Vf = 300 Mev, ma = 550 MeV, m w = 780 MeV together 
with V§ = Vf /3, KJ = Vf/3 and b2

0 = 0.22 fm 2) the enhancement of 
the nucléon mean square radius due to the a exchange will be about 6% 
while its decrease due to the w exchange will be 9%. Those numbers are 
given separately so that they may be rescaled according to the reader's 
prejudice. For our choice, and in spite of a global attraction of 100 MeV, it 
thus appears that the mean square radius would shrink by about 3%. An 
attraction of 100 MeV due to the a exchange alone would have given an 
enhancement of about 1.5%. 

Due to the sensitivity of the effect to the short range part of the NN 
potential, emphasized above by a change in sign, we did a more elaborate 
calculation. On one hand, we included hadronic form factors (monopole 
with A =1.03 GeV in agreement with the value of 62 u s e < ^ above) and, on 
the other hand, we used a short-range correlation function close to the one 

6 



obtained in nuclear matter with the RSC potential. Assuming that coupling 
constants were adjusted to reproduce the above depths of the a and w 
exchange contributions, we respectively got for the mean square radius an 
enhancement of 4% and a decrease of 5%. Results are smaller than those 
obtained quite roughly before and the total effect, which still correspond 
to a decrease, is essentially negligible compared to the one obtained from 
the velocity-dependent term of the hamiltonian (1). Changing 6£ from 
0.22 fm2 to 0.44 fm2 and, consistently, the cut-off mass from 1.03 GeV to 
0.73 GeV leads to an enhancement of the mean square radius of 11% for 
the a exchange and a decrease of 13% for the u> exchange, resulting in a 
total shrinking of 2%. The numbers are larger than previously due to the 
fact that the effect contains the factor b\ (see (9) ) which, by itself gives an 
overall increase of individual contributions by a factor 4. Pauli correlations, 
which, as mentioned above, might also lead to some effect on the nucléon 
radius, have not been considered explicitly here. To a large extent, they 
go beyond the limits of the model studied in the present work. Some of 
their effects may however be accounted for implicitly through the values 
we used for the a and w exchange contributions. It thus seems that, if 
there is some swelling of the nucléon in the nuclear medium, it is due to the 
velocity-dependent (and repulsive) part of the a exchange force acting on 
quarks rather than to fluctuations in the nuclear potential acting on them. 

3 A complementary viewpoint 

While the above model has the advantage to evidence in a simple (but 
not necessarily realistic) way some of the mechanisms which give rise to 
a change in size of the nucléon within the nucleus, it may be useful to 
show how the same effect occurs in a different picture where the nucléon 
in the nucleus remains the same as the free one, but is allowed to admix to 
baryon resonances. Although such an identity is not unknown, we believe 
it is instructive to develop somewhat this viewpoint since it is amenable 
to a comparison with meson exchange approaches of the NN interaction. 
Furthermore, it allows to make contact with real physical processes where 
nucléons outside the nucleus core, like those emitted in inelastic electron 
scattering, are free ones, whereas those inside are rather swollen ones. In 
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order to illustrate the above identity, we start from the harmonic oscillator 
part of the hamiltonian (1), which is supposed to describe the free nucléon 
and its excitations, while the other terms due to u> and a exchanges are 
considered as a perturbation. From this one, it will result some admix
ture between the nucléon ground state, \No > , and its excitations, denoted 
\NQ >. In the limit of a small perturbation, the eigenstates of (l) will be 
written as : 

|jV > = \N0 > + £ \K >< K\Vpert.\N0 > f(ENlt - EN.) (10) 
" H 

They may be referred to as describing "nucléons in nuclei" and it is clear 
that their properties will differ from those of free nucléons. In the case of 
their mean square radius, the change is given by : 

<5(< r 2 > ) / < r 2 > = 
2EJV- < JVol&ft - r-*o)V(36 2)|^ > < N*0\VpeH\N0 > /{ENn - EN;) 

(H) 
In view of the spatial symmetry of Vp„t, only particles with the same quan
tum numbers as the nucléon can be admixed to it. Furthermore, for the 
mean square radius, and for the harmonic oscillator model used here, the 
sum over states \N£ > in (11) will only contain the contribution due to the 
first hyperradial excitation of the nucléon. This one, which is likely to be 
a sizeable part of the Roper resonance at 1440 MeV, is described by the 
following wave function : 

<p„. = MV3(-1 + J2(?i - ?o)V(3«g))e" 1 / , I ; ( ' , '" , '" ) V* ï , |A- > , (12) 
i 

where J/ represents the same quantity as in (6). With this wave function, 
and making approximations similar to those leading to the approximate 
hamiltontans (2) and (5), we get : 

*(< r ' > ) / < r° >= V7 / (2m, ) -
mX/Q x [KVJ(ro) - GMro)) - K W o ) - G.p(r0))\

 ( l 6 ) 

The difference with (8) and (9) is due to higher order corrections neglected 
in (10) and (11). On the other hand, our result for the a attractive part 
is smaller than the one of Oka and Amado | 1 | by a factor 2. The precise 
reason for that is not understood. 
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4 A more realistic approach to the Roper 
resonance excitation in nuclei 

After having illustrated in a particular case how the concept of swelling 
o[ nucléons in nuclei may manifest itself in terms of hadronic degrees of 
freedom, we look at a more realistic estimate of the role of the Roper 
resonance. Indeed, in the model based on o and w exchanges considered 
until now, the main contribution leading to a swelling of the nucléon in 
nuclei was arising from the a exchange and more precisely from velocity 
dependent terms appearing in Dirac spinors. As the a exchange is highly 
effective, it is useful to have a different estimate based on what the a 
exchange is usually supposed to account for, namely on 2it exchange. On 
the other hand, we saw that most of the effect was involving the first radial 
excitation of the nucléon, which is believed to be a large part, if not all, 
of the Roper resonance. We can therefore expect that the diagrams drawn 
in fig.l will have some role in the swelling. These diagrams are made of 
two parts : the 2n exchange on one hand, which leads to the excitation 
of the Roper resonance in nuclei, and the interaction with external probes 
on the other hand, which is responsible for the nucleon-Roper resonance 
transition. 

It is not difficult to realize that 2TT exchange diagrams represented in 
fig.l are quite similar to those appearing in the NN interaction, the main 
difference being a vertex NN'n instead of NNir, or AiV'jr instead of ANn. 
the ratio of the first two couplings is known to be close to 1/2. The ratio 
of the two last ones is not so well known, but may be compatible with the 
same value, 1/2. In the following, we assume that these ratios are identical, 
an assumption which is further supported by quark models involving the 
small components of the Dirac spinors. Thus it is reasonable to derive the 
2n exchange contribution to the NN •& NN* interaction from the sim
ilar one for the NN & NN interaction by using the scaling factor 1/2. 
The same applies to the nucleon-Roper resonance transition potential with 
respect to the nucleon-nucleus potential. Unfortunately, the 2n exchange 
contribution to the nucleon-nucleus potential, which is relevant here, is dif
ficult to calculate precisely as it strongly depends on various ingredients 
such as hadronic form factors or short-range correlation fonctions. One 
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cannot exclude a contribution of - 400 MeV, which roughly is the one cor
responding to the a exchange in some nuclear relativistic approaches, but 
this probably is an upper bound (in absolute value). A different estimate 
may be obtained by removing from the depth of the nucleon-nucleus poten
tial, of about - 50 MeV, the repulsive contribution due to the w exchange. 
Indeed, its contribution to the excitation of the Roper resonance is likely 
to be suppressed since the wNN* coupling in the simplest quark model is 
proportional to the momentum transfer, q2, whose value is zero in nuclear 
matter for the direct term of the interaction and in absence of correlations 
as we showed in section II. The contribution of the w exchange should be 
of the order of 100 MeV, a value which supposes a coupling, S^AW/H"")» of 
about 10 and accounts for the effect of short range and Pauli correlations. 
We thus get a value of - 150 MeV for the part of the nucleon-nucleus po
tential to which the scaling argument developped above may be applied. 
The difference between this valuo, "which in fact. ?ho contains some con
tribution due to single TT and p exchanges, and the previous one of - 400 
MeV may be due to the exchange of a •up pair, whose repulsive contribution 
tends to reinforce the w exchange one J12J. In order to derive the nucleon-
Roper resonance transition potential from the nucleon-nucleus potential, a 
further correction has to be considered. The effect of short range corre
lations in both cases is not identical and should reduce the contribution 
of the NN •£> NN* interaction to the nucleon-Roper resonance transition 
potential more than the contribution of the NN -O- NN interaction to the 
nuckon-nucleus potential. We will thus retain a depth of the nucleon-Roper 
resonance transition potential of about - 50 MeV in the lower case and -
130 MeV in the highest case. Its sign is obtained from the simplest con
stituent quark model where relativistic kinematical corrections of the order 
of [p2/m2) have been introduced. These ones determine the strength of the 
NN*n coupling, as they were previously in this paper for the case of the 
NN*o coupling. 

Using (10), the admixture amplitude, a, of the Roper resonance to the 
nucléon in nuclear matter can now be easily calculated. It is given by the 
ratio of the transition potential, - 50 MeV in the lower case ( -130 MeV 
in the highest one) to the energy difference of the nucléon and the Roper 
resonance, -500 MeV, and is thus equal to 0.10 (0.26) corresponding to a 
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probability of 1%(7%) . Compared to the probability per nucléon to find a 
A (1232) resonance in nuclei, 4% as calculated for instance in ref.[13], the 
above number of 1% may seem to be large. Due to the fact that the Roper 
resonance has the same quantum numbers as the nucléon, its excitation 
from one nucléon can receive coherent contributions from neighbouring nu
cléons and, thus, the corresponding probability is proportional i,o the square 
of those of them which participate to the effect. In the case of the A res
onance, and because neighbouring nucléons have spins at random, there 
is no coherent effect and the probability to excite the A resonance is only 
proportional to the number of those of them which are involved, instead 
of the square in the previous case. Furthermore and as far as we can see, 
there is no sizeable destructive contribution to the NN •«• NN* interaction 
in 5 states (which is relevant here) like the u> exchange in the case of the 
NN <=>• NN interaction, whereas there is some in the case of the A excita
tion [p + 2ir exchange contribution to the tensor part of the force). Finally, 
the excitation of the Roper resonance from some nucléon can occur with a 
zero momentum transfer. It will be less suppressed by the introduction of 
hadronic form factors than the excitation of the A resonance which invoices 
large momentum transfers. 

To get the change in the mean square radius of the nucléon to which 
the Roper resonance has been admixed and which may be referred to as 
" nucléon in nuclei" , an expression similar to (11) may be used. As there 
are quite generally several radii (matter, charge, magnetism, axial charge, 
...), one has to precise which one is investigated. We will consider here 
the charge radius since it is the measurement of a quantity related to the 
charge density [2] which partly led to introduce the concept of a swelling 
of nucléons in nuclei. We thus get : 

S(< r 2 >ch) = -6d/{dq2)[[ dx < N\jo{x)e^3\N* >] x 2a , (14) 

where jo(x) represent the charge density, and a the admixture amplitude 
of the Roper resonance to the nucléon. Except for the existence of some 
sizeable longitudinal contribution [14], not much is known about the elec
tromagnetic transition N •&• N". We have therefore to rely again on models. 
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The harmonic oscillator model, previously used, gives : 

*(< r2 > c h ) = 2 a / \ / 3 x 6? < (1 + r«)/2 > . (15) 

For the b\ value mainly used in the present paper, i2, = 0.22 fm 2, one gets 
in the proton case 

<5(< K >ch)f < r\ >ch= 0.04 (0.10) , (16) 

which is much smaller than what has been obtained in the first part, 0.20. 
However, results quite comparable might be obtained by comparing S(< 
r p >ch) to the square matter radius, roughly equal to 6jj, instead of the mean 
square charge radius, < r ' >ch, which incorporates further contributions 
(polarization effects, Foldy-Darwin correction) making it much larger (3 
times in the present case). Thus the present approach in terms of pion 
exchange is consistent to some extent with the more questionable approach 
based on a exchange. In both cases, the main uncertainty is due to the 
value of the a exchange contribution to the nucleon-nucleus potential, or 
to the corresponding quantity in the pion exchange model. 

In spite of several differences with the work by Celenza et al. [6], we 
believe that what we considered here with hadronic degrees of freedom is 
partly accounted for by their approach. Our result given by (16) is however 
much smaller than theirs. This may be due for some part to the lack of 
consistency of our approach which considers a static nucléon and neglects 
the modification of the other nucléons. This is certainly due for some other 
part to discarding polarization effects which tend to enhance the contribu
tion of the Darwin-Foldy term to charge form factors and would give rise 
in the present meson exchange approach to further exchange current-like 
contributions [10,15]. 

5 Conclusion 
We looked in this paper at the influence of the nuclear medium on the 
nucléon with the idea to establish some relationship between two different 
approaches using quark degrees of freedom on one hand, hadronic ones on 
the other hand. In a model inspired of the relativistic o - u> model, we first 
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showed that conclusions by Oka and Amado, relating the nucléon binding 
energy to its swelling have to be refined. In particular, we found that, for 
a nucléon built from 3 constituent quarks, taking also into account short 
range repulsive correlations can lead to the opposite effect. We looked at 
further contributions involving velocity-dependent terms at the quark level. 
In spite of their repulsive character, such terms do lead to some swelling. 
This effect suggests that the excitation of the Roper resonance, which is 
the simplest way to account for this swelling in terms of hadronic degrees 
of freedom, should play some non-negligible role in nuclei. To some extent, 
it has been confirmed when the a exchange in which it takes its source 
is replaced by a 2ir exchange, which is more realistic and closer to usual 
derivations of the NN interaction, the size of the effect strongly depends 
on various inputs. Thus, the Roper resonance admixture to the nucléon is 
expected to be of the order of 1%, but may reach 7% in the most extreme 
case. The theoretical corresponding change in the proton charge mean 
square radius, estimated in nuclear matter, is 4% in the first case, 10% 
in the second. A better estimate supposes to know more about the elec
tromagnetic transition : nucléon <-> Roper resonance. On the other hand, 
it should be noticed that the excitation of the Roper resonance in nuclei 
induces three-body forces whose contribution to the energy per nucléon is 
attractive and close to 5 MeV for an admixture of 1% Roper resonance per 
nucléon. As the main role is played by three body forces involving at least 
one A (1232) resonance, it is likely that the above contribution is absent 
from present estimates of similar effects involving only nucléons. 

Until now, it was believed that the A (1232) resonance was the only one 
to play some non negligible role in nuclei. From the above discussion, it 
appears that the Roper resonance may also have some, quantitatively less 
important, but for scalar-type instead of spin-type observables. Its possible 
contribution has hardly been considered here however ; it largely requires 
to be precised, both theoretically and experimentally. 
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Figure caption 

F i g u r e 1 

A few contributions involving the excitation of the Roper resonance 
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