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Abstract We study the reaction dynamics of some light
mass nuclei (Be-Ar isotopes). We use the well-known
Glauber formalism with densities obtained from a recently
developed simple effective interaction, in the frameword of
the microscopic non-relativistic Hartree—Fock formalisms.
For comparison, we used also densities from the relativistic
mean field formalism. In general, the study of the reaction
dynamics suggests that both formalisms reproduce well the
experimental data, with a slight superiority of the relativistic
mean field densities over those of non-relativistic Hartree—
Fock. This is so for the majority of the chosen cases, except
for a few nuclear halo systems.
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1 Introduction

The total reaction cross-section measurements at interme-
diate energy have been used extensively by the nuclear
physics community to investigate the nuclear size and distri-
bution of nucleons [1-17]. The advancement in radioactive
ion beams (RIB) at intermediate energy made it possible
to explore the nuclear chart, and it opened up new oppor-
tunities to investigate numerous exotic phenomena. The
study of exotic nuclei, specially those around the drip-line,
is of immense interest in present days [18-20]. Although,
the drip line is well established at the doubly magic
240 nucleus, the study of unbound oxygen isotopes [21]
suggests the possibility of shifting the drip line. The obser-
vation regarding the existence of “°Mg and *?Al isotopes
[22] beyond the drip line, given by various mass formulae,
challenges the earlier predictions. Thus, the investigation of
the drip line concept is a frontier topic in nuclear physics.
The measurements of neutron separation energies and inter-
action cross sections for p — sd and sd shell region suggest
the existence of a new magic number N=16 [23], which is
also supported by Hoffman et al. [24]. A recent ion beam
measurement at RIKEN [25] suggests new magic numbers
at N=6, 16, 32, 34, and so on, with increasing proton-
neutron imbalance, which breaks down the conventional
ones. Apart from it, another exotic phenomenon is the inves-
tigation of neutron (proton) halo feature of some nuclei. The
new member 3!'Ne is included in the family of neutron halo
[26-29]. The isotope 31Ne, with N=21, breaks the shell
closure structure, and lies at island of inversion (IOI) [30].
The investigation of nuclear systems at the IOl is carried out
quite extensively in recent times. The study of quadrupole
collectivity in the neutron-rich nuclei, with N=29 and 30,
using intermediate energy Coulomb excitation, supports the
existence of 47*8Ar at the IOL
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Measurements of nuclear reaction cross sections for
19.20.22¢ guggest that the drip line nucleus 22C has a halo

structure [31, 32]. The one and two neutron removal cross
sections and the momentum distributions also support the
halo behavior for 22C. The nucleus 22C has N = 16, which
is a new magic number in neutron-rich nuclei [23, 33],
and it has a Borromean halo structure (2!C is unstable).
Direct mass measurements using the time of flight technique
suggest that some other nuclei like B, 2°F, and 3*Na
are additional Borromean halo nuclei [34]. The successful
study of reaction cross sections in the framework of Glauber
model for halo nuclei [35] using the density of a recently
proposed simple effective interaction (SEI-I) [36, 37] moti-
vates us to see the reaction cross section og for the low
mass region using this approach. For comparison, we have
used the well-known relativistic mean field (RMF) [38-42]
densities using the NL3 and NL-SH parameter sets.

The paper is organized as follows: In Section 1, a brief
introduction is given and Section 2 contains the description
of Glauber model. The calculations and results are pre-
sented in Section 3. The predictability of HF(SEI-I) model
to explore the different features of nuclei is included in this
section. Finally, the summary and conclusions are outlined
in Section 4.

2 Formalisms

The well-known Glauber approach [43—-46] is used for the
study of reaction dynamics in light mass region. This for-
malism is wildly used for reaction dynamics and improved
for exotic nuclear systems [47, 48]. The theoretical formal-
ism to study the reaction cross sections using the Glauber
approach has been given by R. J. Glauber [5, 43, 44]. The
nucleus—nucleus elastic scattering amplitude is written as

F(q) = ‘; /dbe‘q'b(l _ etx®)y, (1)

At low energy, this model is modified in order to take care
of finite range effects in the profile function and Coulomb
modified trajectories. The effect of Coulomb interaction has
been introduced in elastic scattering by considering both the
projectile and target as a point charge. Due to long range
of Coulomb potential screening, radius a is introduced to
shield the charges at a large distances [44, 47]. So, elastic
scattering amplitude including the Coulomb interaction is
expressed as

K

F(@)= " Feour(@)+ f dbe' T 2MINED) (1 —ex(P))),
T
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with the Coulomb elastic scattering amplitude

—2nkK q
Feour(q) = 5 exp{=2umIn(_" )+ 2iargl'(1 + )},
q 2K
3

where K is the momentum of projectile and g is the momen-
tum transferred from the projectile to the target. Here, n =
ZpZre? /hv is the Sommerfeld parameter, v is the inci-
dent velocity of the projectile, and y; = —2nIn(2Ka) with
a being a screening radius. The elastic differential cross
section is given by

g 2
Jq = [F@r. )

Where the elastic differential cross section is independent
from the screening radius. The standard Glauber form for
the total reaction cross sections is expressed as [43, 45]

oR = 271/ b[1 —T(b)ldb, 5)
0

where ‘T(b)’ is the transparency function with impact
parameter ‘b’. The function T(b) is calculated by

T(b) = expl— Yy oy / PPy = FDdsl.  (6)
irj

Here, the summation indices i, j run over proton and neu-

tron and subscript ‘p’ and ‘t’ refers to projectile and target,

respectively. o;; is the experimental nucleon—nucleon reac-

tion cross section which depends on the energy. The z-

integrated densities are defined as

o
p@ = [ pt/u? 42z )
—0o0

with @? = x2 + y2. Initially, Glauber model was designed
for the high energy approximation. However, it was found
to work reasonably well for both the nucleus—nucleus reac-
tion and the differential elastic cross sections over a broad
energy range [46, 49]. The modified transparency function
T(b) is given by

T(b)=exp [—//Z[r,j(_b) -7 +?)],;§(?),7,;(?)d_§2?} .
pJt ij
®)

The profile function I'y x for optical limit approximation
is defined as

2
1 —tann bgff
r =T = onnexp(— , 9
for finite range and
1— NN
Iyny = Tij(bery) = 5 onné$(D), (10)
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Fig. 1 Radial density plots for various isotopes of °~12Be,
and 34~*8 Ar obtained by (A) HF(SEI-I), (B) Spherical RMF(NL3), and (C) Deformed RMF(NL3) formalism
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5 - % + 71 b s
the impact parameter. Where Y and 7 are the dummy
variables for integration over the z-integrated target and
projectile densities. The parameters oyy, ann, and By
usually depend upon the proton—proton, neutron—neutron,
and proton—neutron interactions.

The study of reaction cross section by this approach
strongly depends on the densities of the projectile and tar-
get nuclei. We use here the densities from axially deformed
(Def.) as well as spherically (Sph.) symmetric RMF the-
ory. As we have observed from our earlier calculations
[50], the reaction cross section obtained from these densi-
ties is parameter dependent. Thus, we have used same set
of NL3 parameter [51] in order to see the effect of defor-
mations on reaction dynamics. The deformation effects are
included in o through the densities of projectile and tar-
get nuclei by taking axially deformed RMF(NL3) densities.
The same set of reactions, studies have been carried by tak-
ing spherically symmetric RMF(NL3) densities for the sake
of comparisons. We also compare the results obtained from
both relativistic mean field and non-relativistic HF(SEI-I)
densities.

for zero range with b.rr =

3 Results and Discussions

The main ingredient of the Glauber model is the densities of
projectile and target nuclei. Figure 1 represents the densi-
ties of the considered nuclei as a function of radial distance
(r in fm). The nucleons distribution inside the nucleus is
maximum at the center and starts decreasing continuously
towards the surface. The left panel of the figure presents the
nucleonic density distribution obtained by non-relativistic
mean field HF(SEI-I) approach. The right panel shows
spherical equivalent of deformed RMF densities with NL3
parameter. The central panel of the figure shows the density
distribution obtained from spherical RMF model. It is clear
from the figure that the densities of considered nuclei show
similar kind of trend for all the formalism. A deep inspec-
tion on Fig. 1 indicates that some of the isotopes of O, F,
Si, S, and Ar show depletion of the densities at the center,
which is the primary indication for their bubble structure.
Figure 2 shows the quadrupole deformation parameter
(B2) of considered cases of nuclei obtained from RMF(NL3)
formalism as a function of neutron number of respec-
tive isotopes. The negative B, values of nuclei in this
figure signify oblate deformation, whereas positive val-
ues predict the prolate deformation and zero represents
the spherical behavior. It is worthy to mention that the
NL3 parameter set does not give a converged solution
for many of the light nuclei as such. To get a con-
verged result for such cases, we change the pairing strength
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Fig. 2 The quadrupole deformation parameter B for °~!?Be,
12-15g  12-20¢ 20-23N, 20-24 23-27F 28-32Ng, 32-35\[g,

32-35gi  34-37g and 3*48Ar as a function of neutron number (N)
for RMF(NL3)

Ap,p slightly in the BCS-pairing approach. As a result, we
compromise a bit in the quadrupole deformation.

3.1 Total Reaction Cross Section

The densities from the well-known RMF with NL3 param-
eter are used from both axially deformed and spherically
symmetric formalism along with the densities of HF(SEI-I).
Our earlier work prompted us to see the effect of sim-
ple effective interaction on reaction dynamics for which
one needs to fold these densities in terms of the Gaussian
coefficients.

We have converted these densities of HF(SEI-I), Spher-
ical, and deformed RMF(NL3) in term of Gaussian coeffi-
cients ¢; and ranges a; as

2
p(r) =Y ciexpl—air’]. (11)

i=1

Another important ingredient for the evaluation of profile
function in Glauber model is energy-dependent parameters
ONN, ONN, and By, where oy is the total nuclear reac-
tion cross section in NN collision, oy is ratio of real to
the imaginary part of forward nucleon-nucleon scattering
amplitude, and By is slope parameter, which determines
the fall of the angular distribution of the NN scattering.
These parameters are energy as well isospin dependent.
Table 1 contains these energy-dependent parameters over
energy range 30—-1020 MeV/A. These parameters have been
estimated by using the spline interpolation of values as
suggested in Ref’s. [52, 53].

To test the validity of the Glauber model, first of all
we compared the reaction cross section og obtained from
the forces SEI-I, NL3, and NL-SH for '2C+!2C with the

@ Springer
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Table 1 The nucleon—nucleon cross section oy y and other parame-
ters like vy and By used to calculate the profile function [53]

E(MeV/A) onn (fm?) any Bnn (fm?)
30.0 19.6 0.87 0.685

38.0 14.6 0.89 0.521

40.0 13.5 0.9 0.486
49.0 10.4 0.94 0.390

85.0 6.1 1.37 0.349

94.0 5.5 1.409 0.327
100.0 5.295 1.435 0.322
120.0 4.5 1.359 0.255
150.0 3.845 1.245 0.195
200.0 3.45 0.953 0.131
230.0 3.307790 0.7462136 0.1042526
240.0 3.266868 0.6800303 0.0978437
325.0 3.03 0.305 0.075
425.0 3.03 0.36 0.078
550.0 3.62 0.04 0.125
650.0 4.0 —0.095 0.16
730.0 4.174130 —0.0828693 0.1896611
740.0 4.189708 —0.0793203 0.1931483
760.0 4.217336 —0.0731153 0.1996571
790.0 4.250772 —0.0691061 0.2078210
800.0 4.26 —0.07 0.21

900.0 4.311690 —0.1439280 0.2171934
905.0 4.312775 —0.1498595 0.2170294
920.0 4.315433 —0.1684008 0.2163436
950.0 4.318554 —0.2078482 0.2142974
955.0 4.318853 —0.2146004 0.2138945
960.0 4.319103 —0.2213738 0.2134798
965.0 4.319310 —0.2281574 0.2130555
980.0 4.319725 —0.2484590 0.2117466
1000.0 4.32 —0.275 0.21
1005.0 4.320055 —0.2814692 0.2095773
1010.0 4.320110 —0.2878605 0.2091625
1020.0 4.320220 —0.3004108 0.2083566

experimental measurements in Fig. 3. It is clear from the
figure that the calculated o is quite sensitive to the den-
sity used. Even within the same interaction, it gives distinct
results in the use of spherical or deformed densities. The
theoretical results of Horiuchi et al. [53] are also given
in the figure for comparison. Our spherical RMF(NL3)
result matches well with the prediction of Ref. [53], but the
deformed RMF(NL3) and spherical HF(SEI-I) overestimate
the data.

Here, it is worthy to mention that the experimental
quadrupole deformation parameter of '2C is about 0.58,
which we do not get by using NL3 or SEI parametrizations.

@ Springer
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Fig. 3 The nuclear reaction cross section o obtained from various
densities for '2C+!2C as a function of projectile energy. The available
experimental data>® are also given for comparison

We get f ~ —0.3 in RMF(NL-SH) calculation. But
the deformed solution of RMF(NL3) is slightly prolate,
which may be the responsible factor for the deviation of
RMF(NL3) results from the data. For low energy region, the
data and prediction walk hand in hand confirming the appli-
cability of the model. Again, for the evaluation of og using
Glauber model, both protons and neutrons density distribu-
tions are required as input. Thus, we cannot verify the model
by using the experimental density as the neutrons density
distribution does not available experimentally. Also, we are
unable to reproduce the large prolate deformed solution of
12C using any of the RMF forces and it is beyond the scope
for the present SEI model for deformed calculations.
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Fig. 4 The nuclear reaction cross section og with various densities as
a function of mass number for O-isotopes with '2C target. The exper-
imental data>*>> and other predictions®® are given for comparison
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Table 2 The total nuclear reaction cross section (og) and square of deviation (D;) from experimental data (Expt.) for various projectiles with
2c target using densities from HF(SEI), Sph RMF(NL3), and Def RMF(NL3). The experimental data [57-60] of reaction cross sections are also

given for comparison

Energy

Proj. (MeV/A)
9Be 790
10p, 790
pe 790
2p, 790
2p 790
13p 790
l4p 790
15 790
B¢ 960
l4c 965
5¢ 730
16¢ 960
7¢ 965
8¢ 955
¢ 960
20¢ 905
0N 950
2IN 1005
2N 965
BN 920
200 950
2o 980
20 965
3o 960
%0 965
BE 1020
UFp 1005
B5Ep 1010
6F 950
BNe 240
PNe 240
BNe 950
PNe 950
ONe 240
3INe 240
2Ne 240
Mg 900
Mg 950
BMmg 900
Mpmg 900
BMmg 900

oR (mb)

HF(SELI)
(Sph.)

857

894

942

986

972
1012
1049
1086
1005
1003
1065
1113
1147
1182
1215
1271
1239
1270
1306
1344
1233
1261
1291
1327
1367
1316
1354
1393
1434
1382
1417
1497
1534
1454
1481
1509
1613
1613
1641
1669
1697

RMF( NL3)
(Sph.)

810

836

890

894

875

916

951

991

901

944

959
1005
1037
1098
1099
1131
1141
1172
1205
1240
1130
1158
1188
1218
1251
1211
1242
1276
1315
1272
1302
1378
1410
1339
1353
1375
1482
1482
1505
1526
1548

RMF(NL3)
(Def.)

844

860

902
1004

909

960
1029
1080

931

978
1026
1084
1117
1150
1120
1179
1174
1195
1278
1483
1179
1197
1225
1257
1292
1250
1299
1363
1388
1283
1340
1391
1452
1401
1408
1417
1545
1545
1538
1534
1553

Expt.

8069
813+10
94248
927+18
8667
883+14
929+26
962+160
862+12
880£19
945+10
1036=£11
1056=£10
1104£15
1231428
1187£20
1121£17
111449
1245449
1399498
1078£10
1098+11
1172422
1308£16
1318452
1148£16
1253423
1298+31
1353+54
1273£11
1344+14
1244+£40
1279432
1348+17
1435422
1385433
1331£24
1340£24
1320423
1372£46
1472£70

D?

1

HE(SEL)
(Sph.)

2601
6561
0
3481
11,236
16,641
14,400
15,376
20,449
15,129
14,400
5929
8281
6084
256
7056
13,924
24,336
3721
3025
24,025
26,569
14,161
361
2401
28,224
10,201
9025
6561
11,881
5329
64,009
65,025
11,236
2116
15,376
79,524
74,529
103,041
88,209
50,625

RMF(NL3)

(Sph.)

16
529
2704
1089
81
1089
484
841
1521
4096
196
961
361
36
17,424
3136
400
3364
1600
25,281
2704
3600
256
8100
4489
3969
121
484
1444
1
1764
17,956
17,161
81
6724
100
22,801
20,164
34,225
23,716
5776

RMF(NL3)
(Def.)

1444
2209
1600
5929
1849
5929
10,000
13,924
4761
9604
6561
2304
3721
2116
12,321
64
2809
6561
1089
7056
10,201
9801
2809
2601
676
10,404
2116
4225
1225
100
16
21,609
29,929
2809
729
1024
45,796
42,025
47,524
26,244
6561
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Therefore, we may have an impression that these fac-
tors of densities cannot be overlooked while discussing the
nuclear reaction cross section or in Glauber model. The
oblate shape of NL-SH parameter set for '2C may be able to
compensate in some sense of these limitations to reproduce
the experimental data of og.

The calculated results of og for A0+12C with various
RMF and SEI-I densities are depicted in Fig. 4. For compar-
ison, the recently measured experimental data [54, 55] along
with other theoretical estimations [56] are also included. As
far as the experimental data is concerned, the prediction of
og by Horiuchi et al. [56] and spherical RMF (both NL3
and NL-SH) almost agree with each other. Also, the reaction
cross section obtained from the deformed NL-SH density
agree well with the experimental estimations. Similar to
the case of '2C+12C, unlike to the NL-SH predictions, the
deformed NL3 results overestimate the data as shown in the
figure. Here, also the same arguments may be hold good as
it is discussed for '2C+!2C to compare with the reaction
cross section.

The calculated values of op for the considered nuclei
using the HF(SEI-I), spherical, and deformed RMF(NL3)
densities are presented in the Table 2. The calculated reac-
tion cross sections are also compared with the experimental
data. One may clearly see from the table, that the og
obtained from both relativistic and non-relativistic formal-
ism are well comparable with the experimental observation.
We used the root mean square deviation or standard devia-
tion (S.D) from experimental observation to analyse the best
densities. The general expression of (S.D) can be defined as

N Dg
S.D = ; N (12)
D; = (ori(Obs) — ori(Exp)). (13)

The square of error of og from experimental values are
also presented in Table 2 for various densities. The values
of S.D for HF(SEI-I), spherical RMF(NL3), and deformed
RMF(NL3) densities are 150.666, 78.584, and 97.438,
respectively. The smallest value of S.D for the spherical
RMF(NL3) and deformed RMF(NL3) density suggests that
the or obtained with RMF density could reproduced bet-
ter results as compared to the non-relativistic mean field
densities. Where as o values for !'Be, 15C, 19C, 230,
and 3'Ne (all considered halo nuclei) are 942, 1065, 1215,
1327, and 1481 mb with HF(SEI-I); 902, 1026, 1120, 1257,
and 1408 mb with deformed RMF(NL3); 890, 959, 1099,
1218, and 1353 mb with spherical RMF(NL3) densities;
and 942 + 8§, 945 £+ 10, 1231 £ 28, 1308 * 16, and
1435 £ 22 mb from the experimental data.

A deeper inspection to Table 2, one can easily inter-
pret that the values of reaction cross sections obtained
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for particular halo systems and other exotic nuclei show
better results with deformed RMF(NL3) and HF(SEI-I)
densities. Figure 5 shows the total reaction cross sections
of 9_12]36, 12_15]3, 13—20C’ 20_23N, 20—240’ 23—271:;’
28732Ne’ 32735Mg’ 3273SSi’ 347375, and 34748Ar nuclei
as a function of projectile energy (Ep;o;) over the energy
range 30-1000 MeV/nucleon. The og is higher at small
Eproj and start decreasing up to the energy range of 300
MeV/nucleon. Small enhancement in og is observed near
750 MeV/nucleon and after that it remains constant. The
values of op obtained from the HF(SEI-I) densities are
slightly higher than the other densities (see Table 2). The
reaction cross sections og also increase by equal propor-
tion in their isotopic chain with mass number A for both
HF(SEI-I) and RMF(NL3) spherical densities. However,
some disorderliness is recorded in the increase of og for
deformed RMF(NL3) densities. This effect may be due to
the role of deformation in og.

4 Summary and Conclusions

In summary, we have studied the structural properties
and reaction cross sections of 9712Be, 12-15g, 13-20C,
20723N’ 207240’ 237271:’ 28*32Ne, 32735Mg’ 3273SSi,
34-37g and 34*8Ar, in the framework of Glauber model.
We used densities of non-relativistic Hartree—Fock calcu-
lations with a simple effective interaction and of the rela-
tivistic mean field formalism. In general, the og obtained
with RMF densities are better than those obtained with the
non-relativistic HF(SEI-I) densities. This observation is in
contrast with the remarkable success of SEI-I densities for
halo nuclei. In a recent report [35], we have shown that
the SEI-I densities reproduce the experimental nuclear reac-
tion cross section for halo nuclei. In general, we observed
that densities obtained from both formalisms can describe
the nuclear reaction dynamics for most light nuclei. The
RMF densities reproduce the data slightly better than the
non-relativistic HF(SEI-I). Further use of these densities in
various mass regions of the periodic table may impart better
description of densities regarding the comparative analysis
of these formalisms.
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