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Abstract. The total nuclear reaction cross-section for p −4 He in the energy range
from 25 to 1000 MeV is calculated within Glauber and modified Glauber models. The
modified Glauber model is introduced via both Coulomb trajectory of the projectile
and calculation of the effective radius of interaction. The effects of density dependent
total cross-section and phase variation of nucleon-nucleon scattering amplitude are
studied. It is pointed out that the phase variation of the nucleon-nucleon amplitude
plays a significant role in describing σR at Ep < 100 Mev, with γ = −1.6fm2 at
% = %0 = 0 and γ = −2fm2 at % = %0 = 0.17fm−3.
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1. Introduction

Over about the past three decades, there exist an increasing interest in experimental [1,2]

as well as theoretical [3–5] studies of the total nuclear reaction cross section (σR), which

is one of the most important physical quantities characterizing nuclear reactions [6–8].

The total nuclear reaction cross section is very useful for extracting some informations

about nuclear sizes, nuclear structure and density distribution of nucleons in nucleus [9].

From a theoretical point of view, study of σR may not only be helpful in minimizing the

different ambiguities in optical model calculations, but may also be helpful in obtaining

a better picture of the reaction mechanisms when different models provide equivalent

descriptions of the elastic angular distribution data. On the theoretical front, the

Glauber multiple scattering model (GMSM) [10] has frequently been the starting point

for such study, especially in getting the radii of radioactive nuclei from the measured

values of σR [11]. It also has applications in diverse research areas such as radiobiology

and space radiation [12,13].

Working within the framework of GMSM, many authors have applied this model to

study hadron-nucleus total nuclear reaction cross-section [14–17]. The results of these

studies clarify that the model works reasonably well at intermediate and high energies

with invoking some nuclear medium effects, such as short range, Pauli blocking, center

of mass, and phase variation [14,17]. However, it is found that, the first (leading) term

of GMSM which is known as the optical-limit approximation, can give a fairly good

results at relatively lower energies by introducing the coulomb effects [4, 18].

The optical-limit approximation (OLA) has most commonly been successfully

applied for the evaluation of the Glauber scattering amplitude and nuclear phase shift

function to calculate different nucleon-nucleus parameters, such as total reaction, total

elastic and total cross sections for both stable and exotic nuclei [19–23].

Recently Arafah [24] indicate that, despite the enormous work of OLA, perhaps

microscopic study of proton total nuclear reaction cross section on light nuclei seems

not to have been addressed yet. Within the framework of coulomb modified Glauber

model and using harmonic oscillator shell model target density for 2H, 3He and 4He,

Arafah obtained a plausible agreement for σR for p-2He and p-3He, however not good

results have been achieved for p-4He in the energy range from 20-50 MeV.

In this paper, the OLA is applied to determine σR for p-4He using both Gaussian

and harmonic oscillator densities for 4He in the presence of coulomb and phase variation

effect. The effect of density dependent NN total cross section is included. The

calculation spans proton energy from 25MeV to 1000MeV.



2. Mathematical Model

Within the optical limit approximation of Glauber multiple scattering model, the first

order nuclear phase shift function, can be written as [10,25,26],

χ(1)(b̄) = χOLA(b̄) = iA

∫
ρ(r)γ(b̄− s̄j)dr̄j (1)

where A and ρ(r) represent the mass number, and the density distribution of the target

nucleus, respectively, b̄ is the impact parameter, s̄j is the projection of the j-th target

nucleon coordinate on the impact parameter plane and γ(b̄− s̄j) describes the nucleon-

nucleon profile function which is related to the N-N scattering amplitude fNN(q̄)by the

relation [25,26],

γ(b̄− s̄j) =
1

2πiK

∫
e−iq̄·(b̄−s̄j)fNN(q̄)d2q (2)

where q̄ is momentum transfer, K is the incident momentum of the hadron in the center

of mass system, fNN(q̄) in the presence of N-N phase variation has the form [27,28]

fNN(q̄) =
K

4π
σNN

t (i + εNN) e−
1
2
(βNN (E)+iγNN )q̄2

(3)

σNN
t , εNN , βNN are the values of hadron-nucleon total cross section, ratio of real-to-

imaginary forward scattering amplitude (q̄ = 0) and the slope parameter, respectively.

In this analysis, σNN
t is taken from the phenomenological density dependent formula

which fit N-N scattering data from 10 to 1000MeV as follows [29],

σpp = [13.73− 15.04β−1 + 8.76β−2 + 68.67β4]× 1 + 772E0.06
lab %1.48

1 + 18.01%1.46
(4)

σpn = [−70.67− 18.18β−1 + 25.26β−2 + 113.85β]× 1 + 20.88E0.04
lab %2.02

1 + 35.86%1.90
(5)

β =
√

1− 1
ζ2 , ζ = Elab

931.5
+ 1

where β is the ratio of projectile velocity to light velocity, % is uniform matter density

in units of fm−3

σNN
t =

Zσpp + Nσpn

A
(6)

In this work, two different target density distributions are considered as follows,

(i) Harmonic Oscillator Distribution [30,31],

ρ(r) = ρ0[Exp{−α2
1r

2}+ cr2Exp{−α2
2r

2}] (7)

The parameters ρ0, α
2
1, α

2
2 and c are given in table (1)

The first set is denoted by ρ1, and the second is labeled by ρ2

(ii) Gaussian Distribution [31]

ρ(r) = (
d

π
)3/2Exp{−dr2} (8)



Table 1. The parameters ρ0, α
2
1, α

2
2 and c are given by two different values

ρ0 α2
1 α2

2 c

fm−3 fm−2 fm−2 fm−2

0.0595 0.535 1.14 0.429

0.064 0.51 1.384 0.1133

where d is related to the root-mean-square radius of the target nucleus by the

relation,

< r2 >1/2=

√
1.5

d

There are two different values for the parameter d, according to the values of

< r2 >1/2. d = 0.694 fm−2 when < r2 >1/2= 1.47 ± 0.02 fm, which has been

reproduced from electron scattering data [31]. On the other hand d = 0.6 fm−2

when < r2 >1/2= 1.58 ± 0.04 fm, which has been derived from the experimental

data of the reaction cross section [31]. These two values are named by ρ3 and ρ4,

respectively.

The total nuclear reaction cross section for proton-nucleus scattering can be written

as [17,32,33],

σR = 2π

∫ ∞

0

bdb(1− Exp{−2ImχOLA(b̄)}) (9)

The effective radius of interaction for proton-nucleus has the form [34]

R2
eff = 2

∣∣∣∣
∫ ∞

0

bdb(1− Exp{iχOLA(b̄)})
∣∣∣∣ (10)

3. Results and Discussion

The total reaction cross-section σR for p-4He in the energy range from 25 MeV to 1GeV,

within OLA Glauber model is calculated. Gaussian and harmonic oscillator matter

density distributions for the target nucleus are considered. The slope parameter β and

the ratio of real-to-imaginary forward elastic scattering amplitude are taken from [28] at

energies 25,30,35,40,50, and 70 MeV. Otherwise these parameters are considered from

[3,22]. The parameter σNN
t is calculated using equation (6), where σpp, σpn are allowed

from equations 4 and 5, respectively. Figures 1 and 2 reveal the present theoretical

calculation of σR within two cases, namely % = %0 = 0 and % = %0 = 0.17fm−3,

respectively. A comparison with the available experimental data [35] and theoretical

calculation based on proton-nucleus optical potential within Dirac phenomenology [36]

at Ep ≥ 156 MeV are presented. It is obvious that, there is no pronounced difference

in the values of σR using the different forms of densities in the two cases. However, It

is found that ρ3 gives a better agreements at Ep > 300MeV, So, we will consider it in
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Figure 1. The total reaction cross section for p-4He using both ρ1, ρ2, ρ3, ρ4 and
% = %0 = 0, in comparison with the variable Exp. and Theor. data.

the next steps of this tesxt. On the other hand a bad agreement with the experimental

data is obtained in the lower proton energies, 25 < Ep < 50 MeV. Arafa [24] reached to

the same results within the framework of coulomb modified Glauber model and using

harmonic oscillator shell model target density. Introducing the density dependence of

nucleon-nucleon total cross-section didn’t change the situation at this level of energies.
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Figure 2. The total reaction cross section for p-4He using both ρ1, ρ2, ρ3, ρ4 and
% = %0 = 0.17, in comparison with the variable experimental and theoretical data.

It has been shown earlier [29, 37], Glauber model which is based on high energy



approximation, is successfully applied to the reaction cross-section channel down to lower

energies (≤ 20MeV/nucleon) provided that the model is suitably modified to account

for the deviation of the projectile trajectory due to the coulomb potential between the

charges of the interacting particles. This is taken by two scenarios. The first one, we

follows the method of Faldt and Pilkuhn [18] which replaces the impact parameter, b by

b′, the distance of closest approach on the coulomb trajectory, where:

b′ = η/Kcm +
√

(η/Kcm)2 + b2 (11)

with η = Z1Z2e
2/~v, where Z1e, Z2e and v are the total charge of projectile and target

nucleus and the projectile velocity in unit of c, respectively. Kcm represents projectile-

target center of mass momentum (~ = 1)

The second scenario is considered by multiplying the our results of σR by the

coulomb correction factor [22],

σ′R = σR{1− Z1Z2e
2

EcmReff

} (12)

where, Ecm is the center of mass energy in (MeV). Reff denotes the effective interaction

radius in (fm) which is calculated using equation (10). Figure 3, shows that the effect of

the two scenarios is equivalent, in addition no apparent improvement is noticed, specially

at lower energies.
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Figure 3. The total reaction cross section for p-4He using the effect of coulomb
potential via b′ and Reff

The phase variation of the nucleon-nucleon elastic scattering amplitude with the

squared momentum transfer q2 was used earlier ”by replacing the slope parameterβ

by β + iγ” where γis the phase variation parameter [28, 38]. This is to improve the

theoretical calculation of both elastic scattering differential cross section [8, 39] and

total reaction cross section [17,38].



In this article, the phase variation was adopted as a tools to treat the data at lower

energies. Table 2, illustrates the values of γ which reproduced a good agreement of σR

in comparison of the experimental data in % = %0 = 0 and % = %0 = 0.17 fm−3. It is

apparent that all values of γ have a negative sign, and fluctuate around −1.6fm2 in

case of % = %0 = 0, and -2 fm2 in case of % = %0 = 0.17fm−3, in the energy range ≤ 50

MeV. Introducing NN density dependent total cross-section led to reduce the values of

γ. A better agreement is obtained at Ep = 700MeV , by γ = −0.837fm2 (% = %0 = 0)

and γ = −3.011fm2 (% = %0 = 0.17fm−3).

Table 2. The values of γ which reproduced a good agreement of σR in comparison of
the experimental data with % = %0 = 0 and % = %0 = 0.17 fm−3.

E σR(ρ3) γ σR(ρ3) γ σExp.

(% = %0 = 0) (% = %0 = 0) (% = %0 = 0.17) (% = %0 = 0.17) [35]
MeV mb fm2 mb fm2 mb
23.35 51±12
24.0 52±12
24.45 59±11
25 57.74 -1.472 57.419 -1.93

25.7 57±11
27.0 55±10
28.0 64±10
30.0 70.69 -1.596 70.242 -2.16
30.2 70±9
32.25 73±8
34.10 82±7
35.0 84.57 -1.672 84.942 -2.26
37.0 95±7
39.6 105±6
40.0 105.12 -1.601 105.7 -1.991
42.30 107±6
44.70 109±6
47.90 114±5
50.0 115.9 -1.533 115.9 -1.5899
700.0 99.2 -0.837 91.0745 -3.011
702.0 99.8±0.9

Figures 4 and 5 explored the different values of γ as a function of incident proton

energy, in the two cases, respectively. One can notes that there is no dramatic changes

in the values of γ as the energy increases up to 50 Mev. Therefore, it is reasonable

to introduce the average values of γ which is γ = ±1.6fm2 with % = %0 = 0 and

γ = ±2.0fm2 with % = %0 = 0.17fm−3.

The total reaction cross section is calculated by introducing the phase variation

parameter, γ = ±1.6fm2 with % = %0 = 0 (figure 6) and γ = ±2.0fm2 with

% = %0 = 0.17fm−3 (figure 7). These two figures manifest a very good agreement
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Figure 4. The different values of γ as a function of incident proton energy in case
% = %0 = 0fm−3.
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Figure 5. The different values of γ as a function of incident proton energy in case
% = %0 = 0.17fm−3.

with respect to the experimental data by the negative values. A conspicuous difference

is clear between the results with +ve and -ve values of γ in this range of proton energy.

However, this difference tend to shrink at higher energies. These results at lower energies

contradict with the work of Franco and Yin (1986) [40] in α −4 He elastic scattering

differential cross section and the work of Tag El-Din et al [8] in the calculation of elastic

scattering cross section for p −3 He at 515, 600 and 1000 MeV, where both + ve and



-ve sign of γ gave almost the same result.
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Figure 6. The total reaction cross section is calculated by introducing the phase
variation parameter, γ = ±1.6fm2 with % = %0 = 0.
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Figure 7. The total reaction cross section is calculated by introducing the phase
variation parameter, γ = ±2.0fm2 with % = %0 = 0.17

Since, the phase variation parameter could not be detected experimentally, their

values have some ambiguous in different energy regions. These can be understood from

the comparison of our results and the work of Tag El-Din ti al (2011) [8] in the study

of elastic scattering differential cross-section of p-3He. It is found that at Ep = 1GeV,



γ = 0.175 and 0.136 fm2, at 0.6GeV, γ = 0.195 and 0.117 fm2 and at Ep = 0.515GeV,

γ = 0.156 fm2 and 0.11 fm2 with Gaussian and sum Gaussian wave function for

the target nucleus. In addition with GMSM, for p-4He elastic scattering at proton

momentum Ep = 1.7GeV/c, the correct value of γ which fit the experimental data was

0.195fm2 [41], and γ must lies in the range from 9.7×10−3 to 1.94×10−2fm2 for p-4He

with proton energy range 97-393 GeV, γ = ±0.311fm2 in the case of p-d at 1 and 11.9

GeV [39].

Also, lassaut et al [42] in the analysis of p-12C scattering at 0.8 GeV. show that

the phase variation is preferably quadratic rather than the linear, and they predicted

that γ = 0.25fm2.

On the other hand, for nucleus-nucleus collision, Franco and Yin [42, 43] in the

scattering of α-particle on 4He,3 He,2 H and 1H found that the values of γ which

reproduce the experimental data are as follows: γ = +0.389 and -0.584 fm2 at

1.75 (GeV/c)/nucleon, γ = +0.292 and -0.506 fm2 at 1.25 (GeV/c)/nucleon and

γ = +0.448fm2 and -0.467 fm2 at 1.08 (GeV/c)/nucleon. For α− α scattering within

the full GMSM at 1.75 (GeV/c)/A, It is found that γ = 0.195fm2 [44].

From this discussion and comparison, one can conclude that the absolute values of

γ which satisfy the experimental data rapidly decrease as the projectile energy increases.

Moreover, the best values of γ in nucleus-nucleus scattering exceed the corresponding

values in the case of hadron-nucleus scattering. It is evident from the present article,

that the OLA works reasonably well down to energies of about 25 MeV/nucleon provided

that the phase variation effect is included.
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