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Abstract. Reaction cross-sections and proton removal cross-sections in deuteron-induced reactions with
carbon and beryllium targets are studied at intermediate energies. The cross-sections calculated in eikonal
approximation show a good agreement with experimental data. The sensitivity of the cross-sections to the
target structure, the nucleon-target interaction potential, and the spatial distribution of nucleons in the

deuteron is discussed.

PACS. 25.45.-z 2H-induced reactions — 25.60.Dz Interaction and reaction cross-sections

1 Introduction

In the last decades exotic (halo) nuclei have been objects
of intensive experimental and theoretical studies. Most of
the information is obtained in reactions at intermediate
and high energies (above 30 MeV /nucleon), in particular,
in the breakup reactions. Many of these reactions have
been studied [1-6] in the interactions with light targets
where the role of the Coulomb breakup is small.

Theoretical analysis of the projectile breakup at inter-
mediate and high energies is commonly carried out in the
eikonal approximation of the Glauber model [5,7-9]. Since
the eikonal approximation is widely used for the study of
exotic (halo) nuclei [3-5] it seems very important to test
the accuracy of this model on the well-known nuclei with
a small binding energy and halo-like structure. From this
point of view, the deuteron-nucleus interaction is of great
interest. Because of its small breakup energy and the dom-
inance of the s-wave in the ground state, the deuteron can
be considered as the simplest example of a halo nucleus.
Of particular interest are the deuteron breakup processes
induced by the strong interactions with target, such as the
deuteron dissociation in the nuclear field and the nucleon
stripping [10].

The Glauber model [8,11-13] has been already ap-
plied to deuteron reactions (breakup, inclusive and exclu-
sive stripping, etc., see for example refs. [10,14-16]). The
present work is motivated by new experimental data for
the deuteron breakup on a ?Be target in a wide deuteron
energy range [17].
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In addition to these experimental data, there is
an experimental information on the deuteron-nucleus
cross-sections. In particular, the deuteron reaction cross-
sections og are systematically measured for a carbon tar-
get [18-23] and there are few measurements for a beryl-
lium target [19,20].

The reaction cross-sections of the deuteron fragments
(a proton and a neutron) with different targets are well
known and available for different targets in a wide en-
ergy range. Different systematics of the parameters of the
nucleon-target interaction potentials are developed now
(see, for example [24-27]).

All the above-mentioned experimental information can
provide different tests of the accuracy of the eikonal ap-
proximation in the calculations of deuteron-induced reac-
tions. For example, there is a relation between the nu-
cleon removal cross-sections and reaction cross-sections in
the eikonal approximation. In the case of the deuteron-
induced reactions, the proton removal cross-section, o_,
is expressed through the neutron reaction cross-section o
and deuteron reaction cross-section O'g as

o_p =08 ol (1)

Thus, using the available experimental data for the
deuteron reaction cross-sections o, neutron reaction
cross-sections 0%, and nucleon removal cross-sections,
0_n, measured independently, the validity of the eikonal
approximation for the calculations of the cross-sections
can be tested.

The test of the validity of the relation (1) is impor-
tant, especially in the analysis of the one-nucleon removal
in the halo-nucleus—induced reactions, where the experi-
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mental information on the cross-sections is often not com-
plete.

To obtain the breakup of the deuteron on light target
in the eikonal approximation, we will use realistic nucleon-
target interaction potentials and realistic density distribu-
tions of the target nucleus. The density distributions are
fitted to reproduce the r.m.s. charge radii of nuclei. We
also use the realistic wave function (WF) of the neutron-
proton relative motion in the deuteron. The realistic WF
is obtained as a solution of the Schrodinger equation, re-
duced to the set of coupled linear differential equations
with a realistic potential. The ground state of the deuteron
is represented by 93.6% of s-wave and 6.4% d-wave.

In our calculations, the Coulomb dissociation is not
considered. It is shown in refs. [14, 28] that its contribution
to the reaction cross-sections for “Be and '2C targets is of
the order of 1-2%.

The formalism of the eikonal approximation is briefly
given in sect. 2. In sect. 3, the calculated reaction cross-
sections in nucleon-induced reactions with ?Be and 2C
targets are presented. We discuss the sensitivity of the re-
sults to the nucleon-target interaction potential, and, in
particular, the structure of the °Be target nucleus. The
results of the calculations are compared with available ex-
perimental data. Section 4 is devoted to the analysis of the
deuteron breakup and reaction cross-sections. Conclusions
are given in sect. 5.

2 Formalism

In the eikonal approximation [5,29], cross-sections are de-
termined by the initial WF of a projectile and profile func-
tions describing the interaction of the projectile fragments
with a target. The initial WF of the projectile ¥ ., (r) is
the intrinsic WF of the relative motion of the core and va-
lence nucleon with angular momentum [y and its projec-
tion mg. It depends on the relative coordinate r between
the nucleon and the core. In the case of the deuteron pro-
jectile, the core and valence particle refer to the neutron
and proton, respectively.

After interaction with a target, the projectile intrinsic
WF has the form [5]

(r,R) = Sy (|bnl)Sp(1bp))Wigm, (1), (2)

where R is the coordinate of the center of mass of the
deuteron, and b,, and b, are the transverse two dimen-
sional impact parameters of the neutron and the proton
with respect to the target nucleus, i.e. b,, = R, — %rL
and b, = R| + %rl, where R and r, are the tangen-
tial components of R and r (z-axis coincides with beam
direction). The profile functions S, (|b,|) and S,(|b,|) are
generated by the neutron and proton interactions with
the target nucleus. The profile functions S, (v = p,n) are
determined by the integrals

oo
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where V,r(r) (v = p,n) is the nucleon-target interaction
potential and v is the beam velocity in the laboratory
system.

The deuteron WF and the profile functions, determine
various cross-sections of the deuteron-target interaction.
The cross-sections of nucleon stripping o, (v = n,p),
diffraction breakup og;f, and deuteron absorption o, are

given by the following equations (see, for example [5,4]):

1 2
T = g1 0 PR [l (115,215,
mo
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(4)

The deuteron-nucleus reaction cross-section is given by
P > [ PRy
B 7ol +1
mo
2
% l1 Z‘ / B, (1) SuSc Wigm, (r) ] . (5)
m
The reaction cross-section of the deuteron-nucleus
interaction is determined by the sum of the deuteron
breakup and deuteron absorption cross-sections

D _ n P
OR = Ogtr + Ostr + Oabs T Odif -

(6)

The nucleon removal cross-section o_, is

(7)

The evaluation of the profile functions in the expres-
sions for the cross-sections (4), requires a potential model
for interaction between the target nucleus and the con-
stituents of the deuteron (different representations of pro-
file functions can be found in the literature [4-6,29-32]).

To calculate the nucleon-target interaction potential
Vor(r) in (3) at incident energies less than 200 MeV we
use two sets of the parameters of the global nucleon-
nucleus optical potential. For the calculations at energies
10 < E, < 65 MeV (OP1), the parameters are taken from
ref. [24]. In the case of energies 80 < E,, < 180 MeV, the
parameters (OP2) from ref. [25] are used.

For calculations of V,r(r) at the energy range from 40
to 2000 MeV, we use also the interaction potentials V¥V
generated from free NN interaction cross-sections [26,27].
The parameters of the NN cross-sections are suggested in
ref. [26] for incident energies from 20 to 2000 MeV. How-
ever, the most reliable results are obtained at high incident

— AV —
Oy = Ogty + oa4it , V=p,n.
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energies, where many-body effects are small, and the free
nucleon-nucleon cross-sections can be used. For energies
of less than 180 MeV, we can compare the results of the
calculations of the cross-sections obtained with different
interaction potentials (OP1, OP2 or the potential VYN
generated from the NN interaction cross-sections).

The nucleon-target interaction potential is calculated
from the NN cross-sections, assuming that the potential
is proportional to the density of the target (the finite range
of the NN interaction is ignored) [5]

VA (r) = =5hv pr(r)(Gan (N2 N, + Z12,)

+&np(NTZV + ZTNI/))7 (8)

N, and Z, (v = n,p) are N,, = 1, Z, = 0 for neutron
and N, = 0, Z, = 1 for proton, Ny and Zr are the
number of neutrons and protons for the target nucleus.
The matter distribution of the target is given by the one-
particle density pr. In eq. (8), Gnn = onn(l — iq,) and
Gnp = Onp(l — G0my) (it is assumed that &,, = &pp, and
Gpn = Onp), Where o,y and oy, are the individual NN
total cross-sections, which are known with the accuracy
+1-4% over the energy range from 100 to 2200 MeV [27].
In the calculations we use tabulated oy, 0,, and apy,
iy from ref. [27], given at different energies. To estimate
the cross-sections oy, and o,, at an arbitrary energy, we
use the parametrization from ref. [26].

3 Nucleon-target profile functions

The profile functions S, (|b|) enter the expression for the
nucleon-target reaction cross-section

7= [ db (1= [S,(b)P). o)

Thus, the comparison of the calculated reaction cross-
sections with experimental data provides a test of the pro-
file functions S, (|b|) (v = n,p) in the expressions for the
deuteron breakup cross-sections (4) and the deuteron re-
action cross-sections (5).

The profile functions S,(|b|) are defined by the
nucleon-target interaction potential (3), which can be ob-
tained with the global nucleon-nucleus optical potential or
the NN interaction cross-sections. In the case of calcula-
tions with the optical potentials OP1 and OP2, we have
no free parameters in the profile functions. In the case of
the calculations with the interaction potential V.3V (8),
a free parameter is the density distribution pr(r) of the
target nucleus.

As a first step in our investigation, we analyze the sen-
sitivity of the cross-sections to the nucleon-target interac-
tion potentials and, in particular, the density distribution
of the target nucleus pp(r).

Since in the case of reactions with light targets at inter-
mediate and high energies, the role of the Coulomb inter-
actions is small (see, for example [14,28]), the sensitivity
of the cross-sections to variations of the nucleon-target
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interaction potential is illustrated by an example of the
proton-induced reaction cross-sections.

In the case of the '2C target, the density distribution of
the stable, tightly bound spherical nucleus '2C is well in-
vestigated [33]. There are also extensive experimental data
on nucleon-nucleus and deuteron-nucleus reaction cross-
sections in a wide incident energy range. Most of optical
model parameters (OP1, OP2) and V¥~ interaction pa-
rameters are fitted to the data for tightly bound spherical
nuclei and reproduce well the cross-sections.

In contrast to carbon, the Be nucleus is expected to
have a more complicated spatial structure, caused by the
weakly bound (1.66 MeV) p-wave neutron. We can simu-
late the density distribution, assuming “Be to be a struc-
tureless nucleus, or a complex system (*Be + n).

In the first case, the target density distribution prp is
obtained for °Be with the harmonic oscillator model [33]
and parametrized as

pr(x) = pon[l + a(z/a)*]exp(—(z/a)?). (10)
This expression contains one free parameter a. The pa-
rameter « is related to a [33]. The parameter a is fitted
to reproduce the root mean square radius of the charge
distribution of the target nucleus (r? )1/2, related to the
r.m.s. radius as (r3)) = (r?) + (0.8)%. The density prpy is
normalized to unity, and pom is a normalization factor.

The density distribution of the complex system (¥Be+
n), prc, is generated from the WF of the 8Be — n rela-
tive motion. The density of the target is expressed as the
folding of the ®Be density (10) and the WF of the p-wave
valence neutron R;—i(r)

pro(r) = poc {R%zl @7’)

v [axit (oo gl ) Ba@}

and normalized to unity. This expression is obtained in
the assumption of point-like nucleons. The parameters
of the ®Be density distribution pSTBH? are fitted to repro-
duce the mean charge radius of “Be, which is (r)!/? =
2.512 fm [33], calculated with the WF of the 8Be — n rel-
ative motion. They are found to be ¢ = 1.659 fm and
a = 0.577.

The WF of the 8Be — n relative motion is a solution of
the Schrodinger equation for the Woods-Saxon potential
with the parameters Vyj = —45.54 MeV, Ry = 2.4 fm,
ag = 0.5 fm.

Both distributions prec and prpy reproduce the r.m.s.
charge radius of °Be (2.512 fm) and the difference be-
tween them is not very essential. The density prc deter-
mined in (11) differs from prgy (10) by a long tail at large
distances, due to the extended distribution of the weakly
bound p-wave neutron. The nucleon-target reaction cross-
sections (9) calculated with preo (11) are larger then those
obtained with prgy (10) (fig. 1a)) by 3%.

In fig. 1, the reaction cross-sections for nucleon-
induced reactions on ?Be and '2C targets calculated with
the target densities pry (10) and pre (11) (fig. 1a)) are

r— —X

9
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Fig. 1. The nucleon-target reaction cross-sections for a) 9Be
and b) '2C targets. Solid lines are the calculations with the
V2N interaction potential and the target density distribution
pru. Dashed lines correspond to calculations with the optical
model potentials. Dash-dotted line in a) corresponds to the
calculations with V.2V potential and the target density distri-
bution prc. Squares and circles are the experimental data for
the proton- and neutron-induced reactions from the compila-
tion [18], respectively.

shown by solid and dash-dotted lines, respectively. The
squares and circles correspond to the experimental data
for the proton- and neutron-induced reactions [18].

As revealed by our calculations, the more complex spa-
tial distribution, prc, of the ?Be target leads to an in-
crease in the proton removal cross-section o_,, the neu-
tron stripping cross-section o, the absorption cross-
section 0,1, by 2-4%, and to a decrease in the diffraction
cross-section, ogir, by 3%. For all the cross-sections the
variations are negligible in comparison with the experi-
mental accuracy of the measurements of the correspond-
ing cross-sections. For this reason, we will mainly use the
density distribution of the pr¢ type in our calculations.

To analyze the sensitivity of the reaction cross-sections
and the breakup cross-sections to the nucleon-target in-
teraction potential, the cross-sections calculated with the
VN interaction potential [26] (solid lines in fig. 1 and
fig. 2) and the optical model interaction potentials V,,7(r)
(OP1, OP2) are compared. In fig. 1 and fig. 2, the proton
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Fig. 2. The deuteron-nucleus reaction cross-sections for a) °Be
and b) '2C target nuclei. Solid curves are obtained with the
VYN interaction potential and dashed curves are obtained with
the optical model potentials. Circles represent the experimental
data from [18-23].

reaction cross-sections obtained with the optical nucleon-
nucleus potentials [24,25] are given by the dashed lines.
For both C and Be targets the use of different potentials
at energies near 120 MeV leads to changes of the reaction
cross-sections of about 20%. As can be seen in fig. la)
and 1b), we have a good agreement with experimental
data [18] for the case of the VYV interaction potential
for °Be in the whole energy range and for 12C at energies
above 200 MeV. For the case of '2C target at energies less
than 200 MeV there is an overestimation of the experimen-
tal data for both the VXN and optical model potentials.
In general, all the interaction potentials reproduce well
the experimental data.

Thus, at energies above 200 MeV, the estimation of
the nucleon-target reaction cross-sections with our pro-
file functions S,(|b]) (v = n,p) is reliable to 3%, and
we expect them good enough for the calculations of the
deuteron reaction cross-sections and deuteron breakup
cross-sections. At energies less than 200 MeV the de-
pendence on the nucleon-target interaction potential is
more pronounced. Hereafter, we give the calculated cross-
sections obtained with both the V¥V interaction potential
and optical model potentials OP1, OP2.
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4 Study of the deuteron breakup reactions

Let us consider for a moment that the intrinsic WF is a
pure s-wave. The correction for the d-wave is small and
will be given later in this sections. In this case, the expres-
sions for the cross-sections (4), (5) are simplified. Using
the profile functions S,, and S}, which have been checked
above, we calculate the deuteron reaction cross-section as

2
oR = /d2RL [1 - ‘/d?’ r 5,8, [Woo(r)[? 1 :

In fig. 2, the deuteron reaction cross-sections are pre-
sented for a) “Be and b) '2C targets. The solid curves
are the cross-sections calculated with the VXN inter-
action potential (8). The dashed curves correspond to
the calculations with the optical nucleon-nucleus poten-
tials. For the 12C target (fig. 2b)) we have a very good
agreement with the experimental data at energies above
200 MeV/nucleon and reasonable agreement at ener-
gies below 100 MeV /nucleon. In the case of a 'Be tar-
get there are no experimental data at energies above
200 MeV /nucleon to compare with. At energies less than
200 MeV /nucleon the experimental data are reproduced
reasonably well with both types of the nucleon-target in-
teraction potential. Thus, in general, for both the 2C and
9Be targets we obtain a good agreement with available
experimental data with both types of the nucleon-target
interaction potential.

The difference between the deuteron reaction cross-
section o& and the neutron reaction cross-section o', gives
the proton removal cross-section (1). The experimental
data on of and 0% have been well reproduced by our
calculations at energies above 200 MeV /nucleon. Thus,
we expect a good description of the experimental values
of the removal cross-section with the realistic WF neutron-
proton motion.

To analyze the sensitivity of the proton removal cross-
section o_, to the deuteron intrinsic WF, we also per-
form the calculations with another WF & ., (r), repro-
ducing the separation energy and the r.m.s. radius of the
deuteron, and the WF in the Yukawa form. The first
WF is obtained as a solution of the Schrédinger equa-
tion with the Gaussian potential (with the parameters
Vo = —48.26 MeV, Rg = 1.90 fm). The Yukawa WF with
the slope parameter a, defined by the separation energy,
gives the deuteron r.m.s. matter radius 1.54 fm.

As was shown in [8,11,12], the cross-sections are pro-
portional to the deuteron size. Our calculations with the
different WF's verify this correlation. Thus, the underesti-
mation of the r.m.s. radius with the Yukawa WF leads to
the corresponding underestimation of the proton removal
cross-section o_, by 20%, compared to the case of the
realistic WF.

The difference between the breakup cross-sections, ob-
tained with different types of the wave functions reproduc-
ing the binding energy and the deuteron radius is small
(less than 3%). Thus, if the deuteron intrinsic WF re-
produces the separation energy and the r.m.s. matter ra-
dius of the deuteron, the variations of the breakup cross-
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Fig. 3. The proton removal cross-section o_, = ok, + oa
in the deuteron breakup on a) °Be and b) '2C target nuclei.
Black curves are the results of the calculations. Empty and
filled circles in a) represent the experimental data from [17]
and [34]. In b) they represent the experimental data from [34]
and [28]. Gray lines limit the region of possible changes of the
cross-section within 7.5%.

sections are small, compared to the accuracy of the exper-
imental data on the cross-sections (fig. 3).

The results of the calculations of the proton removal
cross-sections o_,, as functions of the deuteron energy are
shown by solid lines in fig. 3.

The results of the cross-section calculations have the
uncertainty, related to the more sophisticated spatial dis-
tribution of the “Be target (about 2-4%), and the uncer-
tainty connected to the deuteron radius Rp ~ 2.041 +
0.075 fm (the choice of the deuteron intrinsic WF) which
is about & 3.7%. If we take into account these uncertain-
ties, the overall uncertainty of the theoretical calculations
will be &+ 7.5% for °Be and slightly better for 12C. This
accuracy is shown in fig. 3 by gray lines.

It should be also taken into account, that the deuteron
ground state is an admixture of the s-wave state and the d-
wave state, which is about 5% (see, for example, ref. [35]).
The d-wave state contributes less to the deuteron breakup,
and the admixture leads to a decrease (within 1.5%) in the
proton removal cross-section.
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One can see in fig. 3b), where the proton removal cross-
sections are presented for a carbon target, that the results
of the calculations are in a good agreement with avail-
able experimental data [28,34] at deuteron energies above
300 MeV /nucleon. It should be noted, that in the case of
the 12C target, we can perform a double test of results, us-
ing eq. (1) which relates the nucleon-target reaction cross-
section, deuteron reaction cross-section and the proton re-
moval cross-section at the same incident energy per nu-
cleon. First, we can check the theoretical results shown by
solid lines in fig. 1b), fig. 2b), fig. 3b) and we have found
that the results are consistent. Second, we can use just
experimental data at energies above 200 MeV /nucleon,
shown in fig. 1b), fig. 2b), fig. 3b) for the same check.
This check shows the self-consistence of the experimental
cross-sections in the limits of error bars.

Comparing the results of the calculations of the pro-
ton removal cross-sections on the °Be target (fig. 3a)
with the experimental data from [17,34] one can see that
the theoretical curve reproduces well the energy depen-
dence of the cross-sections. However, at energies above
200 MeV /nucleon the theoretical results underestimate
the cross-section. In the case of the °Be target we have
checked that theoretical cross-sections satisfy eq. (1).
However, for deuteron energies above 200 MeV /nucleon
the corresponding comparison with experimental data is
impossible because of the lack of the experimental data
for the deuteron reaction cross-sections for the "Be target
(see fig. 2a)).

5 Conclusions

In our analysis of the deuteron breakup, the deuteron
has been considered as a two-body halo-like nuclear sys-
tem. The reaction cross-sections and proton removal cross-
sections in the deuteron-induced reactions on carbon and
beryllium targets have been calculated in the eikonal ap-
proximation of the Glauber model at intermediate and
high energies. The sensitivity of the cross-sections to the
input parameters of the eikonal approximation has been
analyzed.

The results are the most sensitive to the choice of the
deuteron intrinsic wave function at the deuteron energies
above 200 MeV /nucleon, while at lower energies, the re-
sults are also sensitive to the choice of the nucleon-target
interaction potential.

Thus, one can expect that the eikonal approximation
is a good approach for studies on one-nucleon removal
cross-sections in the reactions with exotic nuclei at inter-
mediate and high energies as far as the information about
the target and the core fragments and the nucleon-target
interaction potential is reliable.

The results of calculations for the deuteron-induced
reactions show a good agreement with experimental data
for a carbon target [18-23]. However, for this target essen-
tially more experimental data for proton removal cross-
sections in the energy range from 200-2000 MeV /nucleon
are needed for realistic estimations of the accuracy of the
model.
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For the beryllium target, the calculations reproduce
well the energy behavior of the experimental proton re-
moval cross-sections measured recently [17]. It should be
noted that, in this case, the theoretical calculations sys-
tematically underestimate the measured cross-sections at
energies above 200 MeV /nucleon. To get an answer about
this discrepancy it is necessary to have experimental data
on the deuteron reaction cross-sections in the same energy
range, which are not available now.

Since eikonal approximation of the Glauber model is
widely used now for studies on exotic (halo) nuclei, and
the deuteron is one of the best candidate for a test of
this model, it seems very important to have additional
experimental data for deuteron-induced reactions on light
targets.
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