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NUCLEAR PHYSICS

Study of Different Forms of Density Distributions in Proton–
Nucleus Total Reaction Cross Section and the Effect of Phase
in NN Amplitude

M. A. Alvi

Abstract Proton total-reaction cross-section (σR), measure-
ments for about five nuclei in the range 12C to 208Pb at
beam energies spanning 40–800 MeV have been analyzed in
a systematic way by using the optical limit approximation of
the Coulomb-modified Glauber multiple scattering theory.
Two different phenomenological nuclear density distributions
of the target nucleus in addition to the realistic one have been
used in the present analysis. By applying the energy depen-
dence in the slope parameter of nucleon–nucleon (NN) scat-
tering amplitude, it is found that in general, the predictions of
σR with the phenomenological Gambhir and Patil density
distribution agree fairly well with the experimental data. The
inclusion of phase in the NN amplitude improves the theoret-
ical results. Our analysis shows that the calculated total reac-
tion cross sections closely reproduce the measured data over
the whole range of energy considered in this work. To validate
our analyses, we have also obtained a fairly good representa-
tion of elastic p-nucleus differential scattering cross section
data. The effect of a Coulomb energy shift in the proton beam
has also been studied.

Keywords Coulomb-modifiedGlauber model . Optical limit
approximation . Phase variation ofNN amplitude .

Folded-Yukawa density . Coulomb shift in beam energy

1 Introduction

Nucleon–nucleus integrated cross sections constitute a key
observable in fundamental nuclear research as well as in the

applications of nucleon-induced reactions. The total reaction
cross section σR is of particular importance in nuclear tech-
nology such as nuclear waste treatment, safety assessment,
nuclear transmutation, and medical therapy. From the funda-
mental point of view, its description within microscopic ap-
proaches constitutes a test to the understanding of the physics
involved in the interaction and provides us some important
information such as the size of nucleus, nuclear structure, and
density distribution of nucleons in the nucleus. Apart from its
application, with the advent of radioactive ion-beam tech-
nique, the interest in the measurement of σR is revitalized to
study the structure of nuclei even far from the valley of
stability [1–5].

For several years, extensive analyses of proton reaction
cross sections have been performed in a wide range of
energies and mass numbers. In most of these analyses,
generally, the effort is devoted to the determination of
either general parameterizations of σR [6–10] or global
nucleon optical potential [6, 11–14]. In recent years,
Glauber multiple scattering model [15] has also been
applied to study the energy and mass dependence of
proton reaction cross sections. Initially, the Glauber model
was indeed designed for high-energy approximation. How-
ever, it was found to work fairly well, for both the
nucleus–nucleus reaction cross section and the differential
elastic scattering cross sections, over a broad energy range
[16–22] i.e., the model reproduced the results at incident
energies well down to about 20 MeV/nucleon. Thus, for
including the low-energy effects of increasing the nucle-
on–nucleon (NN ) interaction, the above stated original
Glauber model has been modified to take care of the
finite range effects [23–25] in profile function and the
Coulomb-modified trajectories. Alvi [26] has applied the
Coulomb-modified Glauber model to derive an analytical
expression for proton reaction cross section. Using an
approximate form for the Helm model form factor for
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the distribution of nucleons in nuclei, the proposed ana-
lytical expression [26] reproduces nicely the proton σR

data at energies spanning 20–860 MeV.
In the calculation of total reaction cross section σR, one of the

basic inputs in theGlaubermodel calculations is theNN scattering

amplitude fNN(q), defined as f NN qð Þ ¼ ikσNN
4π 1−iαNNð Þe−aNNq2=2 .

The parameters NN total cross section σNN, and the ratio of
the real to the imaginary parts of the forward scattering
amplitude α NN, are quite rightly obtained from NN scattering
experiments using the phase shift solutions and dispersion
relations [27]. The parameter ann in exp(−annq2/2), known
as the slope parameter, can also be determined with a fair
degree of certainty at high energies. But at low-intermediate
energies, it has been discussed in great detail in Ref. [28] that
for ann, many different values ranging from zero to 1.24fm2

have been assumed even at the same energy to get a satis-
factory fit to the experimental nucleus–nucleus elastic
differential scattering data. For example, Lenzi et al.
[18] have used ann=0 for nucleon energies up to 120 MeV
and ann=0.02fm

2 at energy 200 MeV. Chiragi and Gupta
[19, 20] treated it as an adjustable parameter, Ray [27] has
used ann=1.02 to 1.24fm

2 at different energies, and El-Gogary
et al. [29] have used ann=0.54 and 0.51fm

2 at energies 45 and
200 MeV/nucleon, respectively. At energies below 300 MeV,
Ogawa et al. [30] have calculated it by setting the total elastic
NN cross section equal to the NN total cross section. The
parameter ann is an energy-dependent quantity; unfortunately,
no known good phenomenological parameterization has ever
been discussed in the literature.

Franco and Yin [31] had earlier introduced the phase factor

exp −γnnq
2

2

� �
in fNN(q ) by defining ann = βnn + iγ nn. Studies

show that by treating γ nn as a free parameter, good agreement
between theoretical and experimental cross sections could be
achieved [31–33]. Recently, considering three different
models for the interaction potential, Dedonder et al. [34] have
shown that the phase of the scattering amplitude is a sensitive
function of the relative size of the radii of the real and
imaginary parts of potential. Their study showed that
unitarity forces a moderately accurate determination of the
phase in standard amplitude analyses, but the NN analyses
to date do not give the phase variation needed to achieve a
good representation of the data in multiple scattering cal-
culations. In spite of much work, no successful study of
proton reaction cross section over a large energy range and
using several forms of target nuclear density in addition to
invoking some corrections to the Glauber model has been
presented. In the present work, we keep the parameter βnn,
which is known as a slope parameter of NN elastic scat-
tering differential cross section, as energy dependent while
treating the phase parameter γ nn as energy independent, its
significance to reproduce the experimental data has been
investigated.

The structure of the paper is as follows. Our approach is
outlined in Section 2; more specifically, the Coulomb-modi-
fied Glauber model is applied to analyze proton total reaction
cross sections for 12C, 27Al, 40Ca, 56Fe, and 208Pb nuclei at the
energies spanning 40–800 MeV. Three different forms of
nucleon distribution in each nucleus have been considered
and the results are compared with experimental data [6, 11]
in Section 3. Except for p- 12C and -27Al, the reaction cross
section predictions with Gambhir and Patil (GP) [35] semi-
phenomenological target density agree fairly well with the
data. The effect of Coulomb shift in proton beam energy has
also been studied. We will also see that by introducing the
phase parameter γ nn in the fNN (q ), the theoretical calcula-
tions of σR with GP density nicely reproduce the measured
ones over the whole range of energy considered in this work.
To substantiate our work, we have also calculated the elastic
p-nucleus scattering cross sections at energy 295 MeV. Re-
sults show fairly good agreement with the experimental data.
Finally, the concluding remarks are given in Section 4.

2 Mathematical Formalism

2.1 Glauber Approach for Reaction Cross-Section

In the Glauber model [15], the elastic scattering amplitude for
the collision of a projectile nucleon with a target nucleus
described by the ground state wave function Ψ0 and of mass
number A is written as

Fel qð Þ ¼ iK

2π

Z
dbeiq:b 1−eiχ bð Þ

� �
; ð1Þ

where K is the incident momentum of the projectile, q is the
momentum transferred from the projectile to the target, and b
is the impact parameter. The elastic differential scattering
cross section is given by

dσ
dΩ

¼ Fel qð Þj 2
�� ; ð2Þ

and the total reaction cross section σR is calculated by

σR ¼
Z

0

∞

db 1− eiχ bð Þ�� 2
��� �

: ð3Þ

The optical phase shift-function χ (b ), the key quantity
in the Glauber theory, is related to the NN scattering
operator by

eiχ bð Þ ¼ 〈Ψ0 ∏A
j¼1 1−ΓNN b−s j

� �� ���� ���Ψ0〉: ð4Þ

In the above Eq. (4), s j is the two-dimensional coordinate
of the j -th target nucleon relative to its center of mass, which lies
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on the plane perpendicular to K , and ΓNN(b) is the NN profile
function.

The evaluation of χ (b ), as seen from Eq. (3), requires
multidimensional integration. In the multiple scattering de-
scriptions of nuclear reactions at intermediate energies, situa-
tions often occur in which second and higher order corrections
have to be calculated with some care [36]. On the other hand,
their effects on the main contributions are usually small, and
consequently, they hardly justify sophisticated and time-
consuming computing. Therefore, it is often approximately
evaluated in the optical limit approximation using the intrinsic
normalized density ρ(r) of the target nucleus, as follows:

eiχ bð Þ ¼ exp −A
Z

dr ΓNN b−sð Þ ρ rð Þ
	 


: ð5Þ

The profile function ΓNN(b ) is related to the NN scattering
amplitude fNN(q ) as:

ΓNN bð Þ ¼ 1

2πik

Z
e−iq⋅b f NN qð Þdq; ð6Þ

where k is the momentum of the projectile nucleon. It is well
known that the Glauber theory is based on the high-energy
small angle scattering approximations and the Gaussian pa-
rameterization of fNN(q ) has been very successful in at least
explaining the total reaction cross section experiments (which
cross section is sensitive to the nuclear surface region.) Before
applying it to the low-energy processes such as the one less
than 100 MeV, its usefulness should be assessed carefully. We
therefore treat the interactions of proton–proton and proton–
neutron separately and take fNN(q ) in the form:

f pi qð Þ ¼ ikσpi

4π
1−iαpi

� �
e−apiq

2=2; i ¼ p nð Þ ð7Þ

where σpp(σpn) and αpp(αpn) are the pp (pn ) total cross
section and the ratio of the real to the imaginary parts of the
forward scattering amplitude respectively. The parameter
api=βpi+iγpi with βpp(βpn) and γpp(γpn) are, respectively,
slope parameters and the phase of the pp (pn) elastic scatter-
ing differential cross section. Using expression (7), Eq. (5) can
be written as:

eiχ bð Þ ¼ exp
iZ

k

Z
0

∞
qdq J 0 qbð Þ f pp qð Þ Fp qð Þ þ i A−Zð Þ

k

Z
0

∞
qdq J 0 qbð Þ f pn qð Þ Fn qð Þ

" #
; ð8Þ

where Fp(n)(q ) is the form factor (Fourier transform) of the
target proton(neutron) density.

Generally, to account for the deviation of projectile trajec-
tory due to Coulomb field [18–20], the optical phase shift-
function χ (b ) is evaluated at b ′ instead of b where b ′ is the
distance of the closest approach on the Coulomb trajectory of
the target-projectile system and is related to b as:

b0 ¼ ξ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ξð Þ2 þ b2

q
; ð9Þ

where ξ =η /kcm with kcm as the center of mass momentum,
η ¼ Ze2

ℏv is the Sommerfeld parameter and v is the projec-
tile nucleon velocity. By slightly reframing Eq. (9) as: b2 ¼
b02−2bξ ⇒ b ≈ b0−ξ , and therefore, using the expression for
eiχ(b ′) from Eq. (8), the total reaction cross-section σR is calcu-
lated numerically by

σR ¼ 2 π
Z

2ξ

∞
b0−ξð Þdb0 1− eiχ b0ð Þ�� ��2� �

ð10Þ

and the elastic scattering amplitude Fel(q ) as

Fel qð Þ ¼ Fc qð Þ þ iK

Z
2ξ

∞
b0−ξð Þdb0 J 0 qb0ð Þeiχc b0ð Þð1−eiχ b0ð ÞÞ: ð11Þ

In the above expression, Fc(q ) is the point Coulomb
scattering amplitude and χ c(b ) is the point Coulomb
phase shift.

2.2 Input for Glauber model

The two main inputs required to calculate σR in the Glauber
model are: nucleon density distribution of the target nucleus
and the NN scattering amplitude. As mentioned earlier, we
use the target densities that distinguish between the
neutron and proton distributions. So, in addition to
known realistic target density as determined from electron/
proton scattering experiments, two more different semi-
phenomenological nucleon density models are considered in
this work.

2.2.1 Folded Yukawa density

With assuming a Yukawa interaction for the nucleon–
nucleon interaction in the double folding procedure to
obtain a potential, one often expresses the densities of
nuclei by a step function of range R convoluted with a
Yukawa-smearing function of some finite range [37].
Broglia and Winther [37] have made a detailed study
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for the number of nuclei by utilizing the folded-Yukawa
density:

ρi rð Þ ¼ ρ0i F ki;Rið Þ; i ¼ p; n
ð12Þ

that consists of two parts

F k;Rð Þ ¼
1 − 1þ kRð Þ sinh krð Þ

kr
e−kR for r < R

R cosh krð Þ−sinh kRð Þ
k

	 

e−kr

r
for r ≥ R

8>><
>>:

ð13Þ
where the parameters are expressed as a function of the mass
number A :

kp ¼ ð1:65þ 0:2 A−1=3Þ f m−1 ; kn ¼ ð1:16þ 1:0 A−1=3Þ f m−1

Rp ¼ ð1:20A1=3−0:26 Þ fm ; Rn ¼ ð1:20A1=3−0:43 Þ fm

ρ0p ¼
Z

A
0:14ð1:0þ 0:65 A−1=3Þ f m−3 ρ0n ¼

N

A
0:14ð1:0þ 1:08 A−1=3Þ f m−3

2.2.2 Gambhir and Patil density

The GP semi-phenomenological density [35] ρ n (p )(r ) is
defined as:

ρi rð Þ ¼ ρ0i

1þ 0:5 1þ r2

R2

� �h iαi

e
r−Rð Þ
ai þ e

− rþRð Þ
ai

� � ; i ¼ p; n

ð14Þ
with

ai ¼ ℏ

2
ffiffiffiffiffiffiffiffiffiffi
2m∈ i

p ð15Þ

and

αi ¼ q

ℏ

ffiffiffiffiffiffiffiffiffiffi
m=2∈ i

q
þ 1 ð16Þ

where ε i is the separation energy of the last proton or neutron,
m is the corresponding nucleon mass, and

q ¼ z−1ð Þe2 proton
0 neutron:

�

The expression (14) has three unknowns, namely, ρp
0, ρn

0,
and R . The first two are determined from the normalization
conditions for the proton and neutron densities. Thus, the GP
density model has only one adjustable parameter R called
half-density radius, which is the value of r at which the
density falls to half of its central value to a good approxima-
tion. The parameter R is determined by requiring that the root
mean square radius (rmsr) rp of the proton density as given by
the model should be the same as deduced from the experi-
mental charge rmsr rc of the nucleus after accounting for the

charge rmsr of a proton. The GP density parameter values for
the target nuclei considered in this work are given in Table 1.

Coming to the parameters of NN amplitude as defined by
Eq. (7), we use the following parameterizations [19, 20] for
σpp and σpn which reproduce the observed values in the
energy range 10 to 1,000 MeV quite well:

σpp ¼ 13:73−15:04 v−1 þ 8:7 v−2 þ 68:67 v4 ð17Þ
σpn ¼ −70:67−18:18 v−1 þ 25:26 v−2 þ 113:85 v; ð18Þ
where σpp and σpn are in mb . To calculate αpp and αpn, we
use the parameterizations of Ahmad et al. [38]:

αpp ¼ −0:386þ 1:224 exp −0:5
k−0:427
0:178

 �2
" #

þ 1:01 exp −0:5
k−0:592
0:638

 �2
" #

ð19Þ

αpn ¼ −0:666þ 1:437 exp −0:5
k−0:412
0:196

 �2
" #

þ 0:617 exp −0:5
k−0:797
0:291

 �2
" #

;

ð20Þ
with k as is the incident nucleon labmomentum in GeV/c. The
energy dependence of the parameters β pp(β pn) in the
energy range 40 to 300 MeV is calculated from the
following expression [30]:

βpi ¼
1þ α2

pi

16π
σpi ð21Þ

and all the parameters needed for f pi(q ) are quoted in Table 2.
It should be noted that at energy above 300 MeV, because the
pion production channel becomes open, the expression (21) is
no longer applicable for the evaluation of βpi. Furthermore,
due to large uncertainty reported in the total elastic scattering
data [39], we have taken the values of βpi above 300 MeV
from Ref. [2]. Finally, the phase parameter γpi is assumed to
be free, and its significance is discussed in the next section.

3 Results and Discussion

Following the prescription outlined in Section 2, here, we
show our numerical results for proton -12C, -27Al, -40Ca,
-56Fe, and -208Pb total reaction cross sections σR over the
energies spanning 40–800 MeV and compare them with the
measured experimental data. As already explained earlier, our
main objective is to examine the effect of introducing the
phase in the pp (pn) elastic scattering amplitude on proton-
nucleus reaction cross section using three different nuclear
densities for each target nucleus. Let us first study how accu-
rate our theoretical results are considering various corrections
but keeping phase parameters γpp(γpn) equal to zero, com-
pared with the experimental σR data. The circles in Figs. 1, 2,
3.4, and 5 represents the experimental data compiled by
Carlson et al. [6] whereas the data in triangles are taken from
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Auce et al. [11]. In each figure, the dashed, dotted, and dot-
dashed curves represent respectively, calculation of σR with GP
[35], realistic and Folded Yukawa (FY) [37] densities. The
realistic densities of 27Al, 40Ca, and 56Fe nuclei have been taken
from the tabulation of de Vries et al. [40] while for 12C, the
realistic nuclear form factor has been taken from Ahmad [41],
and finally, for 208Pb, we have used the parameterized nuclear
form factors by Alvi et al. [42] obtained by fitting the form
factors as given by the point proton and neutron densities by
Ray et al. [43] in their analysis of 0.8 GeV polarized proton
elastic differential cross section and analyzing power data. In
Fig. 1, we compared the prediction of our calculations with
measured p- 12C reaction cross section data. As one can see from
the figure, the dot-dashed curve, which is calculated using FY
density agrees reasonably well with the measured one up to

200 MeV than those calculated with other two densities. In fact,
our result with FY density is almost the same as those of
theoretical predictions reported in Ref. [11] up to energy
300 MeVobtained by Cooper et al. [12] using global potential
EDAD fit 3 but better thanmicroscopic calculation byAmos and

Table 1 Parameter values of the GP semi-phenomenological density
used in the calculation

A Z ap (fm) an (fm) αp αn R (fm)

12 6 0.5702 0.526 1.198 1.0 2.145

27 13 0.792 0.630 1.660 1.0 2.714

40 20 0.789 0.575 2.041 1.0 3.496

56 26 0.712 0.68 2.230 1.0 4.070

90 40 0.789 0.658 3.132 1.0 4.776

208 82 0.805 0.8385 5.5244 1.0 6.632

Table 2 Parameter values of the
pp (pn) elastic scattering ampli-
tude fpi(q) at different energies

Energy (MeV) σpp (fm
2) αpp βpp (fm

2) σpn (fm
2) αpn βpn (fm

2)

40 7.04 1.366 0.401 21.265 0.592 0.571

60 4.575 1.637 0.335 13.16 0.86 0.4555

81 3.423 1.786 0.285 9.27803 1.008 0.372

100 2.87 1.815 0.245 7.34 1.047 0.306

113 2.63 1.79 0.219 6.45 1.034 0.265

119 2.543 1.766 0. 208 6.126 1.019 0.248

133 2.39 1.694 0.184 5.506 0.967 0.212

141 2.326 1.643 0.1713 5.224 0.9296 0.194

158 2.231 1.521 0.1472 4.748 0.8366 0.1606

180 2.17 1.351 0.122 4.319 0.704 0.1285

185 2.163 1.313 0.117 4.24 0.673 0.122

232 2.185 0.989 0.086 3.767 0.407 0.087

240 2.2 0.943 0.0827 3.718 0.368 0.084

290 2.33 0.723 0.071 3.528 0.169 0.0722

300 2.37 0.691 0.0697 3.51 0.137 0.071

346 2.54 0.578 0.073 3.46 0.014 0.075

464 3.03 0.404 0.088 3.52 −0.225 0.077

553 3.39 0.294 0.11 3.62 −0.38 0.0859

700 3.94 0.119 0.16 3.807 −0.559 0.12

800 4.27 0.0115 0.185 3.922 −0.621 0.12

860 4.45 −0.0465 0.188 3.985 −0.64 0.13

Fig. 1 Comparison of proton-12C total reaction cross sections as a
function of energy calculated with GP [35] density (dashed curve),
realistic density (dotted curve) and FY [37] density (dot-dashed curve).
Full curve represents σR by adding phase in the pp (pn ) elastic
scattering amplitude. The circles represent the experimental data taken
from [6]
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Deb [13] as well as using global potential by Koning and
Delaroche [14]. Above 200 MeV, σR curves calculated with
GP and realistic densities give quantitatively good results.

For p- 27Al results in Fig. 2, there is not much difference
among the σR calculations using the mentioned three densities
but above around 200 MeV, calculation with realistic density
for target nucleus give good representation of the data. As
there is no other theoretical study of energy dependence in the
case of 27Al, we are unable to compare the quality of our
results presented here with any earlier analysis. Overall, our
calculations agree reasonably well with the measured σR.

Figure 3 displays the result of σR for proton- 40Ca nucleus.
It is clear that the predictions of σR with GP density are close
to the experimental data than calculated with the other two
target densities. The dotted curve which represents our calcu-
lation using the realistic density, overestimates σR at high
energies whereas the dot-dashed curve shows results with
FY density, underestimates the proton reaction cross section
at low energies. But in comparison with earlier works [11],
our analyses with these densities provide better representation
of measured data over the whole energy range. However,
nearly similar results compared with our using GP density
have been obtained by Amos and Deb [13].

In Figs. 4 and 5, we have illustrated the energy dependence
of the proton reaction cross section for 56Fe and 208Pb nuclei.
One can immediately observe that there is a drastic difference
in quantitatively reproducing the data between the σR calcu-
lations with GP and that using the other two densities for
target nuclei. In fact, using GP density, our theoretical calcu-
lation very nicely reproduces the data not only qualitatively
but quantitatively as well over the whole range of energy. It
should be mentioned that in Ref. [11], the data has been
considered only up to 300 MeV and even then, their results
show inferior agreement with experiment.

We have also accounted for in our calculations the Cou-
lomb shift in energy of the proton as it enters the nuclear
environment. In fact, due to the Coulomb field, when a
charged projectile collides with a target nucleus, the effective
kinetic energy of the projectile with which it undergoes nu-
clear interaction is different than the incident energy. Because
a proton is positively charged, the shift in its energy is down-
ward and so, the energy with which it interacts with the
nucleon of the target nucleus is lower than given as the
incident one. If Vc(r ) denotes the Coulomb potential energy
between the projectile and the target nucleus, then the actual
projectile energy E ′ is given as:

E0 ¼ E−Vc rð Þ; ð22Þ

Fig. 2 Same as in Fig. 1 but for proton-27Al total reaction cross sections

Fig. 3 Comparison of proton-40Ca total reaction cross sections as a
function of energy calculated with GP density (dashed curve), realistic
density (dotted curve) and FY density (dot-dashed curve). The circle and
triangles are the experimental data taken from [6, 11]

Fig. 4 Same as in Fig. 1 but for proton-56Fe total reaction cross sections
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with E as the given incident energy. Since Vc(r ) is r depen-
dent, the calculation of energy E ′ is not an easy task in
Glauber model. But as it is well known that the contribution

to the reaction cross section comes mainly from the surface
region, we approximate it as:

E0 ¼ E−Vc Rintð Þ ð23Þ
where the interaction radius Rint is related to experimental σR

through the relation [19, 20]:

Rint ¼
ffiffiffiffiffiffi
σR

π

r
: ð24Þ

The full curves in the figures represent the effect of intro-
ducing the phase γpp(γpn) in the pp (pn) elastic scattering
amplitude Eq. (7). While keeping the value of γpp(γpn) equal
to zero, it has already been seen from the figures that among
all the three forms of the nuclear densities considered here, the
GP density provides better representation of the data for most
of the target nuclei. Neglecting medium effect, the phase
parameter in NN scattering amplitude can depend on incident
energy but must be independent of the target nucleus. There-
fore, using GP phenomenological density, reaction cross sec-
tion data for p- 12C were fitted by varying the two phase

Fig. 5 Same as in Fig. 3 but for proton-208Pb total reaction cross sections

Fig. 6 Experimental data (circles) for proton-58Ni elastic scattering
differential cross sections at 295 MeV. Full curve represents our result
using the GP density with γpp=0.614 and γpn=−0.763. The dashed line
shows the result of the RIA calculations using RMF densities while the
dotted line represents similar calculations but using densities deduced
from electron scattering data [44]

Fig. 7 Experimental data (circles ) for proton-208Pb elastic scatter-
ing differential cross sections at 295 MeV. The solid line repre-
sents our result using the GP density while the dashed line shows
the result of medium-modified RIA calculation with Dirac–Hartree
nucleon density [45]
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parameters assumed to be energy independent as its depen-
dence on energy is not established. The solid line in Fig. 1
shows the best fit to the σR data (χ2 per point=1.4) with
parameter values γpp=0.614±0.256fm

2 and γpn=−0.763±
0.235fm2. Next, we calculate the σR for 27Al, 40Ca, 56Fe,
and 208Pb with the same values of γpp(γpn) as obtained in p-
12C fitting and the results are displayed with solid lines in
Figs. 2, 3, 4, and 5. It is seen in the p- 27Al and 40Ca reaction
data that there is an excellent agreement over the whole range
of energies considered in this work. For p-208Pb, the result is
not as good as with the GP density without considering the
phase term in f pi(q ) but it predicts better results compared
with other two densities. For p-56Fe, the parameter-free calcu-
lation agrees fairly well with experiment. The encouraging
results of our approach emphasize the inclusion of phase in
scattering amplitude at least in the calculation of total reaction
cross sections.

Finally, in an attempt to affirm our work, we have calculated
the elastic p-58Ni and 208Pb differential scattering cross section at
295 MeV. The solid line in Figs. 6 and 7 represent the optical
limit result of p-58Ni and p-208Pb elastic scattering calculation
using the GP density with NN parameters (average of 290 and
300 MeV) are taken from Table 2 whereas the γpp=0.614fm

2

and γpn=−0.763fm2. The experimental data in circles are
extracted from Ref. [44] and [45]. For comparison, we have also
shown in Fig. 6 the results of the relativistic impulse approxima-
tion (RIA) calculations using relativistic mean field (RMF) den-
sities (dashed line) and a similar calculation using densities
deduced from electron scattering data (dotted line) [44]. In
Fig. 7, the dashed line shows the result of medium-modified
RIA calculation with Dirac–Hartree nucleon density [45]. It is
seen that without varying the γpp(γpn) parameter of NN ampli-
tude, that is using the values of γpp(γpn) obtained by fitting the
p-12C reaction cross section data, our calculation reproduces
reasonably well the differential elastic scattering data at least in
the forward direction where the Glauber model high-energy
approximation is expected to work well.

4 Conclusion

Proton total reaction cross sections σR have been analyzed on
12C, 27Al, 40Ca, 56Fe, and 208Pb over the beam energy spanning
40–800 MeV. Applying a Coulomb-modified Glauber model
and using three types of the target densities with different
proton and neutron distributions for each, we compare the
theoretical predictions of σR with experimental data. Consider-
ing energy dependence in the slope parameter βpp(βpn) of pp
(pn) elastic scattering amplitude fpi(q), our results show that
except for the two low-mass nuclei 12C and 27Al, the predic-
tions of σR with GP density reproduce reasonably well the
experimental data for all other target nucleus. We have also
accounted for the Coulomb shift in the beam energy. As

expected, the inclusion of Coulomb shift is visible at low
energies but we have not shown its effect in the figures.

In earlier works it has been discussed in details [28] that the
energy dependence of slope parameters βNN has little effect
upon the calculation with eikonal approach of the Glauber
model. To take this into account, we added an energy-
independent phase parameter γpp(γpn) to βpp(βpn) and to
our surprise, we found that its inclusion improves the theoret-
ical values of σR and in one other case, it nearly reproduces
the experimental data over the whole range of energy consid-
ered in this work. We hope that with the availability of some
more proton reaction cross section data at intermediate ener-
gies for target nuclei our success will stimulate to study the
energy dependence of phase parameter. Finally, in optical
model calculations, the reaction cross section is sensitive to
the amplitude of the scattered waves and not their phases but
in the eikonal approach of Glauber model our results clearly
demonstrate that the phase of the scattering amplitude does
matter in the calculation of total reaction cross sections.
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