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Abstract-The reaction cross section for proton scaffering from t'C, 'oNe, ooca, toFe

and 208Pb at 800 MeV is calculated according to Glauber theory. The density of the
target is considered in Symmetrized Fermi form. The deformation of the target
nucleus and the finite range of the nucleon-nucleon amplitude are considered. The
calculations are done for modified Glauber modell (i.e. taking into account Coulomb
field) and modified Glauber model II (i.e. taking into account Coulomb and nuclear
fields). The results of considering deformation and finite range are quite near to the
available experimental values.
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1. Introduction:

The reaction cross section , o R , is one of the most inclusive information about the
interaction of a projectile with a target and of fundamental importance in the full
understanding of a nuclear system []. Values of o^ largely determine the imaginary
part of the optical potential for heavy nuclei and therefore represent a strong
constraint on the optical potential which also represent a fundamental quantity in
nuclear sfudies. Interaction cross section measurements at high energies have been
used to estimate the extent of matter densities of exotic nuclei produced in
fragmentation reactions 12,31. Attempts have been made to extract the same
information from reaction cross section measurements at lower energies t4-10]. Also,
the nuclear reaction cross section is very useful for extracting fundamental
information about the nuclear size and the density distributions of neutrons and
protons in the nucleus. It also finds applications in various fields of research including
shielding against heavy ions originating from, for example, space radiation and also
against radiobiological effects resulting from clinical exposure. Also, it has
applications in medicine, cosmic ray propagation, detector simulate on in particle and
high energy physics, astrophysics, etc. Ill,l2l.

Many attempts have been made to describe the reaction cross section in terms of
the so-called optical limit to the Glauber model for proton-nucleus and nucleus-
nucleus collisions [13-221. In the simple Glauber approach, it's assumed that the flux
attenuation of the elastic channel occurs by means of the classical straight line



trajectory. The scope of the Glauber model was extended to lower energies by
modiffing the Glauber model to account for the Coulomb distortion of the trajectory.
It's the so-called modified Glauber model I. Within the framework of modified
Glauber model I, Abul-Magd et al [23] have calculated the total reaction cross section
for both proton-nucleus and nucleus-nucleus scattering. Their formula satisfied a
satisfactory description to the experimental data at energies up to 100 MeV. They
referred to the discrepancy, through the low energy range, as due to the physical
effects which were not included in their calculation such as the internal Fermi-motion
of the nucleons in the nuclei and the Pauli-blocking effects. Within the same
framework, Alvi has introduced an analytical expression for proton-nucleus total
reaction cross section using an approximate form of the Helm model form factor for
the distributions of nucleons within nuclei 1241. It agrees well with the experimental
data. The modified Glauber model I has been modified to take into account the
deflection effect on the trajectory due to the nuclear potential effect. This formalism is
referred to as the modified Glauber model II 125-271.

Most of the previous analyses using Glauber's theory have assumed Gaussian
form for the density distribution functions. This leads to a considerable simplification
in the calculations of the nuclear transparency function. While the Gaussian function
may provide a reasonable description for the densify distribution of light nuclei,
certainly it will be invalid for intermediate and heavy mass nuclei. Lukyanov et al
[28] have introduced the Symmetrized-Fermi function as an even analyical function
valid for intermediate and heavy nuclei i.e. it resembles a Gaussian function for light
nuclei while for heavier ones it goes over to the Fermi distribution. Symmetrized-
Fermi function was successful in describing the elastic and inelastic angular
distributions and the reaction cross section for heavy ion collisions [29-34]. In [35], it
was a try to make use of the Symmetrized-Fermi function to introduce the Woods-
Saxon optical potential and thus the elastic and inelastic angular dishibutions for
proton-nuc leus scattering.

In the present work, using microscopic Glauber optical model, wo are going to
compute the total reaction cross section for proton-nucleus scattering. The target
nuclei are considered to be perrnanently deformed, axially, symmetric rotating. We
will execute the integrations on the angles of the symmetry axis analytically using the
same steps proceeded by F6ldt and Glauber [36]. The nuclear density function has
only a quadrupole deformation. In addition, the Symmetrized-Fermi function is used
to derive the optical thickness which is embedded in the eikonal phase shift in case of
either zero or finite ranges. We study the influence of Coulomb and nuclear effects in
modified Glauber models I and II. The reaction cross section is calculated for P-12C,
tol{", ooc4 5aFe and 208Pb at 800 Mev. we have compared the results in case of
deformed nuclei with that in case of spherical nuclei.

2. Formalism:

Within the context of the diffractive collision theory, it's assumed that the
deformed nucleus is initially in its rotational ground stateo a state in which the
symmetry axis Oo has the isotropic wave function loo(Q")=(q")-u' andgoes to a

final rotational state with wave function Yy (Or). So, in our calculations, we should
be aware that the phase shift function depends on the instantaneous orientation C)r, of



the symmetry axis of the nucleus as well as on the impact vector b of the incident
nucleon [36]. The corresponding reaction cross section for proton-nucleus scattering
averaged over all orientations of the symmetry axis which is associated with non-
rotational transitions is thus:

o R : Io'uffi - exp[- x(b,el,)]* (r)

where the imaginary part of the eikonal phase shift can be represented as:

xb,on ) -i r* Jr(r, o" )f(r, bV' ' Q)

And the nucleon-nucleon range function f(n) can be used in the Gaussian form:

where ro is the range parameter. Carrying out the integration over angles will leads to
the form:

tr(b,tt r) : o"" It(",on )r(s, b)sds

where:

r(s,b) = 
+"*p[- 

(r' * n'/ r:b,Q'nlr:)

and the average NN cross section omr averaged over neutron and proton numbers is
given by:

6xn :?ooo* *o , ,  (6 )
tt.r llT

where 6 oo and o no are the proton-proton and neutron-proton cross section

respectively. They have the forms:

f(b)-*"*p(f l, l)

o ro =13.73-15.041 B +8J6f8 '  +et .6t  Bo

and

o,p = -70.67 -18. ls l  B +25.26f B'  * t13.ssB

Here B is the ration between projectile velocity to light velocity, which can
written in the form |71:

p- 1r-l , ,-,!,, +r.o
1/ , '  e3l '5

and E, represents the incident energy in the laboratory frame.

The optical thickness function of the nucleus can be defined as:

(4)

(5)

(3) ,

(7)

(8)

be

(e)



r(s,on)- I"(s +Er,a,b, (10)

Here, the vector f is a unit vector rn;, direction of the incident momentumk. The
nuclear density distribution function has the form of Symmetrized-Fermi function:

(1 r lP(')-P(o\@-@i (rr)

with

where the sum runs only over even values of L. If we take into consideration the
quadrupole deformation only (i.e. L - 2) and expand the nuclear density functions in
powers of the deformation parameter B* so it can be written in the form:

p(r)= po(')* p,(r)P,(cos@) (13)

To separate the dependences on the orientation angles in the expression of the
thickness function, we can make use of the addition theorem for spherical harmonics:

A *  2

P,(cos@)= + >,r{'(a)r{ (ei"), {
J  M = - 2

In this expression, t -(e,,0,) represents the angular coordinates of the vector

1-(s,r) in the laboratory system, Qp = (7r,Ou) represents the coordinates of the
symmetry axis in the same system and @ is the angle between r and the symmetry
axisC)". It should be noted that the vectors, likeb, lies in the impact plane and the
integration will be extended in that plane, then:

p(,)= pot')* * r,(') I r{ (a). y{ (a) (rs)' 5 ',3_,

There is no loss of generality involved in seffing Q, :0 [36] and we shall do that in
the work that follows:

p(,)= pa(')* + e,@{r:(',nf+bo'-',] +y:(o,'{# (r- o')cos;,

n(e)= "{r.} p,,Y:(o4 (12)

(14)

t]
(  l6)

wherep -cos { r .

Now, to carry out the integration over straight line paths through the
instantaneous configuration of the nucleus, we write:



I. \  |-  p ' ) cos / ,  |  (17 )
I

thickness functions and thev can

r(s, e,, ) = /oo(r)* r,,Gf+ bo'-'i *,,, 1rf
I L  J  L

wherer*(r),, /ro(r) and trr(") u.e the partial

be defined as:

fft'
wave

,u (,) = 
*-[,,(Jt * *Y,, (r,,oV,

where the partial wave nuclear o";; distribution functions:

p,(,) - p(lfu,,,(r)

p,(,) - - p(o)p,'#u,,Q)

/-.\ sinh(cla)
ust , \ r )=@

and

where the compact form of the Symmetrized-Fermi function is:

( le)

(20)

( l  8 )

(2r)

With respect to the zeroth order partial wave thickness functionr*(r), the
integration over z can be carried out analyically using Lukyanov expression[29] i.e.

r,o fu ) - zop(lb.,, G)r(') (22)

where the nuclear matter:

and

where the parameter r is defined as:

p(o) :*l'.(ry)'l ,l * ' l_  t r i  _J
*P(')=#,":H

2 cosh(s/a) l ' .  r- l I
v  -  _  \  I  /  ,  t  I  

_ t

r cosh(c/a)+ cosh Gl ") [' 
' 

cosh (tl 
")J

(23)

(24)

K = ed, 5 =1.103 l5 + 0.34 597(c /  
")-  

0.00aa6(c I  a) 'z

(2s)

(26)

tion is:

t ')"orOrf

As a result, the imaginary part of the eikona

tr(b,e,) = x oo(a) * r,,(u[+b o'- ti
Lz  l

(27)



where Xor(b), Xzo(f) and Zrr(b) are the partial wave eikonal phase shift functions

and they can be defined as:

r uG)- J"" 1,,@)r(',b)sds (28)

The above equations for the partiaf *.i" eikonal phase shifts take into consideration
the finite range of the interaction in FG,b) function. If we have applied the zero
range approximation, for simplicity, then the partial wave eikonal phase shifts are:

zu@)-o*r tu(b)  Qe)

where the partial wave optical thickness functions rooft), /roft) and trr(") trave been
defined previously in eq.(19). The difference in this case is that the integration is
executed in b instead of s plane.

Our aim now is to carry out the integration over the angles of the symmetry
axisf)" - (0r,dr). Firstly, let's represent the eikonal phase shift as:

(30)

(3 l)

(32)

where

(33)

(34)

(35)

r(b)-*'!|f-p[A(D,p)+v(b,p,)cos(zp,)H6,ap

Applying the series expansion to the exponential function and the Binomial theorem,
then we get:

y (b) - *n;k(?' l:(n, p)o.o B(b, p)u a a' !t*,eo )H Q,,

z@) = xoo(b)- A(b, tt)-B(b, p)cosQ6,)

where

A(b,p)= -+ r,,@trp' - l)
and

B(b,p)= -l*r,,(nft- p')

As a resull the reaction cross section takes the form:

- n (

o R = Zr Inanfr - r-''"tol r(n)|



The integral vanishes unless 
I

1O 
is an integer. Therefore, it's convenient to

write q - 2p, where p is a non-negative integer. Carrying out the elementary
integration on Q, and substituting with eq.'s (32,33) [36] we get:

r(b) - +n;{ +, ̂ @t' tV,): tS p, -,y-" fr - o,y' oo{&+P|"

Then. the final form:

r  (q \
o' lzo )
(36)

(37-b)

(37-c)

and

(37-d)

(3e)

Now, we intend to calculate the reaction cross section in modified Glauber model
I. To do this, we should take into account the Coulomb trajectory distortion for the
impact parameter in the zeroth order partial wave eikonal phase shift function i.e. the
straight line trajectory has been deviated under the influence of the Coulomb
potential. Thus, the distance of the closest approach due to this effect [5-18,23):

(40)

where ft is the wave number and the Sommerfeld parameter is:

r@) -t,*@, xzo, x,,),
Q=o

(  r  rP l '
w (e, xzo, xzz) = { - * r^f" i {g^1,

|  2 -") 
7*l  )(zo )

'(e, p) =*f+l' ( 2? :)o@ -,
Q!\4)  \2p) \  u  t

@(Q, p),

(37-a)

p,2p)

\
I

I

) (
@
2m+

c(s -zp,zp) - 2Q-zot( 
)^ (' :' !

Ir
1)

p
-f

T
p

+
4

We limit ourselves to those terms that satisfy Q < 5:

r@) -r +?6' * y')**C 3,'y+ / ')+ |t. '  
+ y'I. 

# 
(*, * y, ' [3*, y + y')

where: 
(38)

,x.@), ,: -f x,,(b)

zre'
n - ----:-' hu (41)



Then, of is given by:

oL = z" fuanfr - r-m@')y(n)l, . J \
0

(42)

(43)

(44)

(45)

In addition to the above respects, we take into consideration the effect of the influence
of the nuclear potential on the straight line trajectory according to modified Glauber
model II. The distance of the closest approach in this case, b' , is given by solving the
fol lowing equation l25l:

E - zre'
r

- Re Y*(r) - s
h ' k ' b '

2p r '

where the real nuclear optical potential is taken to be in Woods-Saxon form. The
parameters of the optical potential are taken from 1251. Then:

b -+ b' - b'- ne 
"ry 

(t')
vk@')

Again ofN will be given by:

of* = zo-lUaU{t - ,-t*b') y(n)\

3. Results and discussion:

In the framework of the Glauber optical model and its modifications, the reaction
cross section of proton-nucleus scattering has been calculated for different target
nuclei (t'C,'0N., o'Cu, toF., 'o*Pb) at 800 MeV. The calculations have been carried
out using Symmetrized-Fermi density distribution function. We are comparing
between the effects of spherical and deformed axially symmetric rotating nuclei. The
nuclear density function has only a quadrupole deformation effect. Also, we take into
account the effects of the finite and zero range interactions. All calculations are
executed using FAldt and Glauber procedure [36] for carrying out the integrations on
the orientation angles of the symmetry axis C)o . The deformation parameters which

have been used are the same as that used for the deformed Woods-Saxon optical
potential 137-401. Due to the deficiency of the experimental values of the reaction
cross section for proton-nucleus collisions at intermediate energies, we will compare
our results in case of proton -t'C interaction only.

In table (1), we are concerned with presenting the results of the above
considerations. The l" column represents the target nuclei. In each block of the target
nuclei, the l" row in the block represents the results for spherical nuclei (i.e. Fz =0)

while the 2nd row in the block represents the results taking into account the effect of
deformation, as shown in the 2"d column. In the 3'd column, o n(n) is the reaction cross

section with the finite range effect. The 4th column is the same as the 3'd column but
oFf,; has been calculated in modified Glauber model I. Also, the 5th is the same as

the 3'd column except o'i{,; has been calculated in modified Glauber model II. The



6tn, 7tn and 8th columns are the same as the 3'0, 4tn and 5th columns respectively except
that they have been represented using zero range approximation.

In table (l), for P-r2C interaction, on(,') (spherical) is the maximum value for the

reaction cross section in the standard Glauber model. Calculating o n4J takes into

account the finite range effect. The deformation effect decreases this result by 2.75 %.

Table (I): The reaction cross sectionfor P-I2C,toNuro'Co,toFe and208Pb scattering

Target

roNe

zoCa

26Fe

s2Pb

oFtr

249.6677

232.5943

387.9574

366.6364

613.9783

61t.2213

7t6 .3175

706.2729

1691 .348

1686.261

But if we take into account the zero range approximation, on(o) is decreased by the

deformation factor f(b) @q.(37)) by 6.5%. The effect of deformation increases

slightly in the framework of modified Glauber models I and II. Moreover,

oft"l(deformed) is the nearest one to the experimental dataoffo:262+13.In case

of P-20Ne interaction, it is the same as P-l2C interaction i.e. on(".) (spherical) is the

maximum value. The deformation factor y(b) alters by 2.5% and this percentage

increases in case of zero range approximation to 5.24Yo. These percentages increase
slightly in modified Glauber models I and II.

In the 3'd block, the results of P-a0Ca reaction cross section have been introduced.
The deformation factor y(n) nas a negligible effect either in case of zero or finite

ranges in the standard Glauber model and its modifications. On the other side, the
effect of inserting the finite range in calculations nearly equates either in case of
inserting the deformation effect or not. This refers that aoCa has a spherical shape and

it is non-deformed. For P-saFe and P-208Pb in the 4'h and 5tr blocks, o n(,J (spherical)

gives the max result for each interaction. The effect of deformation ranges from 0.6%
to 1.4% for P-5aFe and ranges from 0.167% to 0.3Yo for P-208Pb interaction. As a

at 800 MeV

Spherical

Deformed

250.831

233.9663

270.6117

263.t772

269.240s

261.7458

268.r447

260.5738

251.8t64

235.4743

Spherical

Deformed

409.8325

399.6481

407.0996

396.7928

406.8332

396.s078

390.4033

369.9468

388.2348

366.961r

647.0348

64s.6083

640.301 l

638.83s9

639 .1108

637.6342

621.238

6t9.2466

615.2258

612.4967

784.267 |

779.6647

77 4.7372

769.963s

7 46.572

741.0406

7 54.44

747.t049

745.6398

737.2569

1699.004

1694.127

1805.384

1802.364

r77 | .824

1768.392

t765.556

1762.003

1743.397

r740.126



result to these slight effectso in each block, the finite range force gives the same effect
in case of spherical and deformed considerations in the standard Glauber model and
its modifications.

Generally, oS an overall view on the results in table (l), the Coulomb distortion
effect increases due to increasing the mass number. The percentage of this effect
ranges from 0.5%to 2%u Another treatment for the effect of the finite range force: It
ranges from 7.4% to 3.56Yo for the case of spherical effect consideration in the
standard Glauber model. Within the same framework, taking into account the
deformation effect, the finite range effect vary from 11.76% to 3.58Ya. In modified
Glauber models I and II slight increments may be added to the above percentages.
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