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Abstract. For the exclusive (e, e′p) reaction, we discuss the possibility of observing effects due to swollen
nucleons in the nuclear medium, such as 40Ca and 208Pb, by introducing form factors of the nucleon in
the nuclear medium. These form factors include effectively the change of nucleon properties in the nuclear
medium. This calculation is performed by using a Dirac-Hartree single particle model for a bound state
and a relativistic optical model for a continuum state with inclusion of the electron Coulomb distortion.
The effect of the form factor, which increases with higher momentum transfer (q ≥ 400MeV/c) is too
small to be discerned from the errors on the available experimental data. But it affects the determination
of spectroscopic factors to some extent.

PACS. 25.30.Fj Inelastic electron scattering to continuum – 21.10.Jx Spectroscopic factors

1 Introduction

Exclusive (e, e′p) reactions in the quasielastic region have
been one of the most powerful tools to study the nucleon
properties in the nucleus, which are believed to differ from
those in free space. In the analysis of these (e, e′p) reac-
tions, there have been many attempts even with inclusion
of the electron Coulomb distortion[1–5]. These works used
the single-particle model [1–3] for obtaining the wave func-
tion of a bound state nucleon, while the wave function of
an outgoing proton in the final state interacting with the
residual nucleus was obtained with a relativistic optical
model. The simplest way to analyze the (e, e′p) process is
the plane wave impulse approximation (PWIA), in which
the final state interactions are not taken into account. In
the PWIA the differential cross-section factorizes into two
terms. One is the electron-proton cross-section between
the incident electron and the bound proton. The other is
the spectral function for the probability of finding a proton
with given energy and momentum in the target nucleus,
which could give us direct information about the nucleons
in the nucleus.

In principle, the distortions of the outgoing electron
and knockout nucleon, due to interactions with the resid-
ual nucleus, could cause a flaw in this factorization. But
the recent calculation by Kim et al. [2] showed that this
factorization is valid even with inclusion of the Coulomb
distortions of the electron, i.e. in Distorted Wave Born
Approximation (DWBA). Moreover their DWBA method,
used in this report, is more efficient than other approaches
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because of fewer parameters. The spectral function ob-
tained this way can be examined through a comparison
with experimental data, which is usually presented as the
reduced cross-section for the knockout process in elec-
tron scattering. Such comparison, however, shows that one
needs a scale factor to reproduce the experimental data for
a knockout proton near the Fermi energy level [1,2].

The scale factor is commonly interpreted as a spectro-
scopic factor (SF) for a given state, Sα, which stands for
an occupation probability of the nucleon in the given state
α. Consequently, the value of the SF is 0 or 1 in the sim-
ple single-particle model. But the short-range aspects of
nucleon-nucleon interactions in free space give rise to the
strong correlation effects between the nucleons in a mean
field, for example, a relativistic Hartree [6,7] or Hartree-
Fock [8] potential. These correlations lead to a quench-
ing of the occupation probability, so that the SF deviates
from its standard value. It should be reminded that the
SF extracted this way is an important guideline on the
microscopic understanding of the nuclear structure [9].

Therefore many papers were devoted to the extraction
of more exact SF values from the theoretical interpreta-
tion of the available experimental data. But there are still
many ambiguities to be pinned down in those interpreta-
tions. For instance, the Gordon ambiguity at electromag-
netic vertex function and the Gauge ambiguity at photon
propagator could affect this analysis. Our preliminary re-
sults [10] show that these ambiguities could affect the final
theoretical results by about 10% in the low missing mo-
mentum region and by about 20% in the high missing
momentum region.
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On the other hand, the nucleon and meson properties
are thought to suffer some change in the nuclear medium.
Cheon et al. [11] had suggested that such change of nu-
cleon properties (masses of nucleon and pion, coupling
constant between them) could be expressed in terms of
nuclear density by considering the pion’s equation of mo-
tion in the nucleus. By applying these results to the cloudy
bag model of the nucleon, electric and magnetic form fac-
tors of the nucleon in the nucleus were obtained. In partic-
ular, nucleon charge sizes inside target nuclei, expressed
as the root mean square radius, were increased due to
such nuclear medium effects. It gives satisfactory expla-
nation of experimental data on coherent electron scatter-
ing [11]. We call the increase of the nucleon charge size
the effect of swollen nucleons in the nuclear medium. The
concept of swollen nucleons has been applied [11–13] to
the understanding of the problem of missing strength in
the sum rule analysis of the longitudinal response function
extracted from inclusive electron scattering. The authors
in refs. [11,12] claimed that the missing strength cannot
be explained by the RPA theory alone and suggested the
modification of the nucleon form factor in the nuclear
medium. For 40Ca and 56Fe they showed that the modi-
fied proton form factor corresponds to an electromagnetic
radius increased by about 20% with respect to the free
proton. Recently, Kelly [14] found that the density depen-
dence of nucleon form factors from the quark-meson cou-
pling (QMC) model reduces the polarization ratio at high
four momentum transfer, Q2 = 0.8 (GeV/c)2, in (e, e′p)
reactions.

In this paper, we try to investigate the swollen effect
of the nucleon for (e, e′p) reactions. One can study the ef-
fect by exchanging the form factors of free nucleons into
those of nucleons in the nucleus. Since the SF extracted
so far is obtained by using those of free nucleons, it would
be interesting to reexamine how the swollen nucleon af-
fects theoretical interpretations and the SF. In sect. 2,
we briefly discuss the incorporation of the medium effects
through the pion’s equation of motion with the calcula-
tions of the electromagnetic form factors on the cloudy bag
model and give the cross-section with the nucleon current.
In sect. 3, we insert the modified form factor into the nu-
cleon current used in the analysis of the (e, e′p) reaction.
The bound nucleon wave function is obtained by a rel-
ativistic Hartree single-particle model [7], which consists
of scalar and vector potentials fitted to the elastic proton
scattering data and a relativistic optical model [15] for the
outgoing proton is used. The wave functions for incident
and final electrons contain the electron Coulomb distor-
tion due to the target nucleus. The SF values are extracted
for the two most outer energy orbits in 40Ca and 208Pb by
comparing to the NIKHEF data [16,17]. Finally, we give
the conclusion in sect. 4.

2 Theoretical formalism

Here we show how to obtain the form factors of the nu-
cleon embedded in a nucleus. Since it is well known that
the pion and nucleon masses as well as the pion-nucleon

coupling constant are effectively modified in the nuclear
medium, we start from the following equation of motion of
the pion in nuclear medium characterized by the nuclear
density α(r):

( −∇2 + m2
π

)
φπ(r) =

i√
2
gπNN

mN
σ · ∇δ(r)

+∇ · α(r)∇φπ(r). (1)

For a free pion, i.e. without the second term on the right-
hand side in eq. (1), and for a pion in medium, the solution
in momentum space is given by

φπ(q) =
i√
2
gπNN

mN

σ · q
q2 + m2

π

. (2)

If α(r) is assumed to be constant, the solution can be
found as

φπ(q) =
i√
2
gπNN

mN

σ · q
(1 + α)q2 + m2

π

. (3)

The second solution can be expressed as in free space:

φπ(q) =
i√
2
g∗πNN

m∗
N

σ · q
q2 + m∗

π
2 , (4)

where g∗πNN = gπNN(1 + α)−3/2, m∗
N = mN(1 + α)−1/2,

m∗
π = mπ(1 + α)−1/2. The short-range repulsive character

of the nuclear force in free space leads to the nuclear short-
range correlations inside the nucleus. This effect can be
taken into account by introducing the correlation function

f(rij) = 1 − exp(−βr2
ij) (5)

into α(r) = αf(rij). Then the solution of the pion’s equa-
tion can be found as eq. (4) except

g∗πNN → g̃∗πNN = gπNN

(
1 +

α/3
1 − α/3

ζ(β)
)
, (6)

where

ζ(β) =
1

2
√

2
β−3/2

∫ ∞

0

k4

k4 + m∗
π

exp
(−k2

4β

)
dk. (7)

Similarly we can do the same calculation for f̃∗
π . The

g̃∗ and f̃∗
π obtained this way are the input data to calcu-

late the electric and magnetic form factors, GE and GM,
of the nucleon inside the nucleus. The free parameter α
above, which was determined to satisfy the experimental
data of (e, e′) scattering in ref. [18], in principle, can be
calculated from the microscopic model based on QCD. In
this work we adopt the values from ref. [11], but examine
the consequences of some variations by allowing for some
model dependence.

The nucleon transition current is given by

Jµ(r) = eψ̄P(r)Ĵµψb(r), (8)

where Ĵµ is a nucleon current operator. ψP and ψb are the
wave functions of the knocked-out proton and the bound
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state, respectively. For a free nucleon, the operator con-
sists of two parts, the Dirac contribution and the contri-
bution of an anomalous magnetic moment µP:

Ĵµ = F1γ
µ + F2

iµP

2MN
σµνqν , (9)

where the value of µP is 1.793. The form factors F1 and
F2 evaluated at the four momentum transfer squared q2

µ

are related to the electric and magnetic form factor GE

and GM by

GE = F1 +
µPq

2
µ

4M2
F2, GM = F1 + µPF2, (10)

which are assumed to take the following standard form:

GE =
GM

(µP + 1)
=

1
(1 − (q2

µ/0.71))2
, (11)

where qµ is in units of GeV.
By using these relations the factorized cross-section in

plane-wave Born approximation (PWBA) for an unpolar-
ized target is given by
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, (12)

where σM is the Mott cross-section, h is the incident elec-
tron helicity, θe is the electron scattering angle and φP

is the azimuthal angle of the outgoing proton. P and EP

are the momentum and the total energy of the outgoing
proton. The quantities RL, etc. are the nuclear structure
functions whose detailed forms are given in ref. [2].

In this calculation, we do not change the Dirac form
factor F1 while F2, which is the Pauli form factor, is
changed via anomalous magnetic moments because of the
following reasons: i) F1(q2 = 0) is constrained by the
gauge invariance, i.e. Ward-Takahashi identity, so that
nucleon charge is preserved in our model. Using this con-
straint, the parameters in our nucleon model (for example,
fπqq, fπ, etc.) are effectively determined. ii) The anoma-
lous magnetic moment µP in Pauli form factor, which term
is self gauge invariant, has the large contributions from the
higher order diagrams mediated by internal pions, whose
dynamics are sensitive on the nuclear density in each nu-
cleus. Therefore we allow its variations inside nucleus in
our model.

3 Results

In this analysis we calculate the reduced cross-section of
the (e, e′p) reaction in a very transparent approximation.

Fig. 1. The reduced cross-sections for proton knocked-out of
the 1d3/2 orbit

40Ca with parallel kinematics. The kinematics
are Ei = 375MeV, and energy transfer ω = 100MeV. The
solid line is obtained with µP = 1.793, the dashed line is with
µP = 1.71, the dotted line is with µP = 2.01. The data are
taken from NIKHEF [16].

If the electron and the outgoing proton are described as
plane waves, the reduced cross-section

ρm(pm) =
1

PEPσeP

d3σ

dEf dΩf dΩP
, (13)

is the probability, that the proton, bound in a given shell,
is met inside the nucleus with momentum −pm (the miss-
ing momentum is defined by pm = −(P − q)). The (off-
shell) electron-proton cross-section σeP denotes the form
“cc1” by de Forest [19].

In our analysis, we account for the Coulomb distortion
of the electron. The calculation is performed for parallel
kinematics only, where the outgoing proton momentum P
is along the momentum transfer q. The SF for a given
shell is determined for various values of µP by scaling the
theoretical calculations for ρm(pm) to fit the experimental
data [16,17] by minimizing χ2. All curves are calculated
by changing the anomalous magnetic moment µP value in
ref. [11] for proton.

In fig. 1, we show the reduced cross-section as a func-
tion of the missing momentum pm corresponding to knock-
ing out the proton from the 1d3/2 orbit in 40Ca. The ini-
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tial electron energy is Ei = 375MeV, the energy transfer
ω = 100MeV, and the momentum transfer q = 430MeV/c
at pm = 0MeV/c. The solid line is calculated with
µP = 1.793, which is the experimental value of the free
proton, the dashed and the dotted lines are the results
with µP = 1.71 and µP = 2.01 (for the bound proton), re-
spectively. The experimental data are from NIKHEF [16].
The deviation of the dotted line from the solid line is 6%
at the peak on the left side, where the momentum transfer
is around q = 560MeV/c, and it is around 3% on the right
side, where q = 320MeV/c; the effect of the form factor
due to the swollen proton is relatively larger in the high
momentum transfer region (high negative missing momen-
tum region) rather than on the small momentum transfer
region (high positive missing momentum region). Figure 2
shows the calculation for the 2s1/2 orbit in 40Ca for the
same kinematics as in fig. 1. The deviation between the
solid line and the dotted line is 4% at the first peak posi-
tion and it also decreases in the higher positive missing
momentum region. Over the whole region of the miss-
ing momentum under our calculations, the effect of the
anomalous magnetic moment increases with higher nega-
tive missing momentum, which means, the bound nucleon
has large momentum. Note that SF values used for these
curves are Sd3/2 = 0.8 and S2s1/2 = 0.75 in ref. [1] for
figs. 1 and 2, respectively.

Figure 3 shows the behavior of the SF versus the
anomalous magnetic moment for each state. While this
SF drops rapidly up to µP = 1.793, it decreases slowly on
higher magnetic moment. Since the SF values are corre-
lated with the µP they are somewhat sensitive to µP. In
table 1, we compare the SF values extracted from our anal-
ysis with those obtained by other groups. The SF values
in ref. [3] were obtained with a relativistic single-particle
model for a bound state like ours. The factors in refs. [5,
16] were calculated with the RPA and the nonrelativistic
analysis, respectively. As shown, the SF values are sensi-
tive to the wave functions used, but also depend on the
form factor effect more or less.

We also consider 208Pb as a next target nucleus. Fig-
ures 4 and 5 show a comparison of the reduced cross-
sections from 3s1/2 and 2d3/2 orbits with different anoma-
lous magnetic moments. The initial electron energy is
Ei = 412.3MeV and the kinetic energy of the outgoing
proton is TP = 100MeV. In these cases, the momentum
transfer is q = 445MeV/c at pm = 0MeV/c. Again the
solid lines are the result for µP = 1.793, the dashed lines
for µP = 1.71, and the dotted lines for µP = 2.01. The
differences between the solid lines and the dotted lines
are 8% at the first peak for 3s1/2 and 10% at the left
peak (q = 510MeV/c) and 5% at the right first peak
(q = 350MeV/c) for 2d3/2. As in the case of 40Ca, the
effect increases with large q. These curves are multiplied
with S3s1/2 = 0.71 for 3s1/2 and S2d3/2 = 0.8 for 2d3/2.
Again, in fig. 6, we show the dependence of the SF values
on µP. The decreasing rate of the SF for 208Pb is similar
to the 40Ca for each orbit while the slopes have different
values. We also compare the SF values to each other in
table 2.

Fig. 2. The same as fig. 1 but for the 2s1/2 orbit.

Fig. 3. The SF values with respect to anomalous magnetic
moments for 40Ca. The solid line is for 2s1/2 and the dashed
line for 1d3/2.
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Fig. 4. The reduced cross-sections for 208Pb from the 3s1/2

orbit with parallel kinematics. The kinematics are Ei =
412.3MeV, and energy transfer TP = 100MeV. The solid line
is used µP = 1.793, the dashed line is µP = 1.71, the dotted
line is µP = 2.01, the data are from NIKHEF [17].

In fig. 7, we show the curve in the χ2 minimizing proce-
dure per experimental data with respect to the µP values.
The solid and the dotted lines are for 2s1/2 and for 1d3/2

of 40Ca and the dashed and the dash-dotted lines are for
3s1/2 and 2d3/2 of 208Pb, respectively. The three curves for
2s1/2 and d3/2 of 40Ca and 2d3/2 of 208Pb have clearly the
minimum position in χ2 as a function of µP. And then, the
minimum positions are placed between µP values 1.0 and
2.0. But, in case of 3s1/2 of 208Pb, there is no minimum
position.

4 Conclusion

The purpose of this work in the (e, e′p) process is to study
the effect of the form factor containing an anomalous mag-
netic moment, which is obtained with effective masses of
mesons and nucleons in the framework of the cloudy bag
model. The SF decreases slowly for higher anomalous mag-
netic moment while the χ2 per data values increase rapidly
on higher magnetic moment. The experimental data are
sensitive to the anomalous magnetic moment µP because
of the existence of the minimum position in χ2. The q-
dependence of our ansatz for the swollen nucleon plays a

Fig. 5. The same as fig. 4 but for the 2d3/2 orbit.

Fig. 6. The SF values with respect to anomalous magnetic
moments for 208Pb. The solid line is for 3s1/2 and the dashed
line for 2d3/2.
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Fig. 7. The χ2 values with respect to anomalous magnetic
moments for 40Ca and 208Pb. The solid and the dotted lines
are for 2s1/2 and for 1d3/2 of

40Ca and the dashed and dash-
dotted lines are for 3s1/2 and 2d3/2 of

208Pb, respectively.

Table 1. The comparison with other values of spectroscopic
factors for 40Ca.

Orbit This work ref. [1] ref. [3] ref. [16] ref. [5]
1d3/2 0.78 0.8 0.76 0.65 0.60
2s1/2 0.73 0.75 0.51 0.51 0.48

Table 2. The comparison with other values of spectroscopic
factors for 208Pb.

Orbit This work ref. [1] ref. [3] ref. [17] ref. [5]
3s1/2 0.69 0.71 0.70 0.40 0.51
2d3/2 0.76 0.8 0.73 0.46 0.54

larger role in the larger nucleus under the condition of the
particular data under investigation in this paper.

However, there still remain problems before final con-
clusion can be drawn. One of them comes from the errors
on the experimental data which are not small enough to
distinguish between the different calculations. Namely,
the deviation between all curves are smaller than the
error bars in the figures. Other ambiguities stem from the
off-shell properties of the bounded nucleon as commented
on the prelude. Therefore, without significantly more

accurate experimental data and significantly better con-
trol on the theoretical ambiguities in these calculations,
it will be impossible to see the effects of the medium-
modified nucleon form factors in the (e, e′p) reaction. Since
the off-shell properties and the correlations of the nucle-
ons are believed to have some relationship with each other,
one needs to continue studying such relations in this re-
action. It might be possible to furnish the effect of the
swollen nucleon in the nuclear medium if much improved
theoretical interpretations were applied to this work.

This work was supported by the Korean Ministry of Education
under Grant No. BSRI-98-2425 and the Korean Science and
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