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Abstract. Inclusive nucleon spectra from deuteron breakup reactions on7Li and 12C up to 100 MeV are an-
alyzed by using the continuum discretized coupled channels theory for elastic breakup process and the Glauber
model for nucleon stripping process. The preequilibrium and evaporation components are estimated phenomeno-
logically in terms of the moving source model. The calculation reproduces a prominent bump observed around
half the incident energy in experimental inclusive spectra at forward angles quite well. The present analysis clar-
ifies that the stripping process is more dominant than the elastic breakup process in deuteron breakup reactions
on 7Li and 12C.

1 Introduction

Deuteron breakup reactions have attracted considerable at-
tention in the study of projectile breakup of exotic and halo
nuclei as well as in applications associated with accelera-
tor driven neutron sources. For instance, the Li(d, xn) re-
action is regarded as one of the most promising reactions
to produce intense neutron beams at the International Fu-
sion Material Irradiation Facility (IFMIF) [1]. Therefore,
understanding of the nuclear interaction of deuterons with
materials is highly required for estimating neutron yields
and induced radioactivities in the engineering design of
such neutron sources and accelerator shielding.

Neutron production fromd + A interactions occurs via
the following processes: deuteron elastic (or diffractive)
breakup and proton stripping processes, sequential neutron
emission from highly excited compound and residual nu-
clei, and so on. In particular, treatment of deuteron breakup
processes is important for predicting nucleon emission spec-
tra because the deuteron itself is very loosely bound sys-
tem. The purpose of this work is to propose a model cal-
culation method that is capable of describing the inclusive
nucleon emission quantitatively with no adjustable param-
eter, and to analyze recent experimental deuteron breakup
reactions on7Li and 12C for energies up to 100 MeV.

In our early work [2], the continuum discretized cou-
pled channels (CDCC) method was applied successfully to
the analysis of deuteron elastic scattering from6,7Li and
deuteron reaction cross sections in the energy range up to
50 MeV. The CDCC method [3–5] deals with the deuteron
breakup processes explicitly using a three-body Hamilto-
nian in which the nucleon-nucleus interaction is represented
by the optical model potential (OMP) at half the deuteron
incident energy and an effective nucleon-nucleon potential
is used for thep-n interaction. The CDCC method have
so far been applied successfully to analysis of the elastic
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breakup process in coincidence (d, pn) measurements [4].
It is expected, therefore, that the CDCC method is reliable
to predict the elastic breakup component in the inclusive
nucleon emission.

However the present version of the CDCC code [6]
cannot deal with the proton stripping. Thus, we apply the
Glauber model [7] to the calculation of proton stripping
process. Up to now, the Glauber model has been widely
used in analyses of projectile breakup of exotic and halo
nuclei at intermediate energies [8–10]. Also there are some
examples ofd-induced reactions at intermediate energies
above 40 MeV/nucleon in Refs. [11,12]. Since the eikonal
phase shift in the Glauber model can be calculated using
the nucleon OMP, there is an advantage that no adjustable
parameter is included in our Glauber model calculation.

In this paper, some results are presented for our model
analyses of (d, xp) reactions on light target nuclei,7Li and
12C, at 100 MeV. It should be noted that the other results
of 7Li have been reported in Ref. [13].

2 Theoretical model

Inclusive nucleon emission spectra from deuteron-induced
reactions contain contributions from various reaction pro-
cesses: the direct processes,i.e. elastic breakup and strip-
ping processes, and the statistical decay processes,i.e.pree-
quilibrium and evaporation processes. We propose the fol-
lowing model approach [13] to analyze the experimental
data ofd-induced reactions. For the direct processes, the
CDCC method is applied to calculation of the elastic breakup
(EB) process and the Glauber model is used for that of the
nucleon stripping processes (STR) in the continuum. Also
the moving source (MS) model [14] is used to estimate the
evaporation and preequilibrium components (EP). We as-
sume that the double differential cross section (DDX) of
(d, xp) reactions is described by the incoherent summation
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where the superscript,L, stands for physical quantities in
the laboratory system. The DDX of (d, xn) reactions can
also be calculated by replacing the subscriptp by n and
the superscriptn by p in Eq. (1). Since each model has
been described in Ref. [13], the outline is given below.

Here let us consider the case where a proton is de-
tected via the elastic breakup process,d+A→ p+n+A. The
double differential cross section with respect to the proton
emission energy and angle is expressed by
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in whichΩL
p andΩL

n represent the emission direction ofp
andn respectively,EL

p is the proton emission energy,µdA
is the reduced mass of the deuteron and the target,Pd is
the momentum of the incident deuteron, andρ(EL

n) is the
three-body phase space factor [15]. The transition matrix
element,T f i , is given in Ref [13].

The Glauber model [7], as a semiclassical approach,
gives a rather good prediction of the reaction cross sec-
tions involving the loosely bound projectiles, by assuming
the eikonal and adiabatic approximations. The differential
cross section for the neutron stripping process is given by
the following expression [9]:
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in the center of mass ofp-n system, wherebp andbn are the
impact parameters of proton and neutron perpendicular to
thezaxis,r is the relative cordinate between the proton and
neutron in the deuteron, andkC

p is the proton wave number
vector. TheS-matrices for the nucleon-target interaction,
Sν (ν = p,n), are defined by

Sν(bν) = eiχνA (bν)
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where the phenomenological OMP [2,16] is used forVνA
in the present work. Since the integral in Eq. (4) for the
Coulomb part of the proton OMP diverges, we use the
same prescription as in Ref. [17], in which the Coulomb
eikonal phase shift is added to theχpA(bp) calculated us-
ing VpA without the Coulomb potential. Finally, the double
differential cross section of the neutron stripping process
can be given by transforming the Eq. (3) from the center-
of-mass system to the laboratory system:
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whereEL
p, kL

p, andΩL
p are the energy, the wave number,

and the solid angle of the proton in the laboratory system,
respectively.

An empirical method based on experimental data, called
the moving source (MS) model [14], is applied to estimate
nucleon emission via statistical decay processes. The fol-
lowing MS formula is used to calculate the proton DDX of
these components in Eq. (1):
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where the parameters,N0,i , E1,i , andTi , are determined by
fitting the experimental DDXs at backward angles because
the contribution from the direct process is expected to be
very small. The suffixes,i = 1 and 2, represent the evapo-
ration and preequilibrium processes, respectively.

3 Results and Discussion

Inclusive (d, xn) and (d, xp) reactions on7Li and (d, xp) re-
actions on12C for energies up to 100 MeV are analyzed by
using the models outlined in Section 2. The CDCC calcu-
lations are performed using the codes [4,6] with the same
input data as in our preceding work on deuteron elastic
scattering from6,7Li [2]. The major input data necessary
in the Glauber model calculation are the nucleon OMP
and the deuteron ground state wave function, which are
the same as in the CDCC calculation. Both the CDCC
and Glauber model calculations use the extended Chiba
OMP for 7Li [2] and the nucleon OMP of Koning and De-
laroche [16] for12C at half the incident deuteron energy.

Figures 1 and 2 shows comparisons between the model
calculation and the experimental data of double differential
(d, xp) cross sections at small angles up to 20◦ for the inci-
dent energy of 100 MeV [18]. The angular distribution for
7Li is also presented in Fig. 3. It should be noted that the
calculation for the7Li(d, xp) reaction is compared with the
experimental data of9Be in Fig. 1, because the deuteron
reaction cross sections calculated using the empirical for-
mula [19] have a modest 12% difference between7Li and
9Be and both the (d, xp) measurements are expected to pro-
vide similar cross sections of deuteron breakup reactions.
The parameters of the MS model were determined by fit-
ting the experimental data at 100◦ where direct breakup
contribution is expected to be negligible. The result of7Li
is shown with the MS model parameters in Ref. [13]. The
similar result was obtained for12C, and only the preequi-
librium component was enough to reproduce the energy
spectrum over the wide emission energy. The following
MS model parameters for12C are obtained: (N0,E1,T) =
(1.18,2.58,8.30).

As shown in Figs. 1 and 2, the model calculations are
in excellent agreement with the experimental data for small
angles up to 20◦. The prominent bump observed around 50
MeV is reproduced fairly well by the calculation for each
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Fig. 1. Comparison of the calculated DDXs of7Li(d, xp) at 100
MeV with the experimental data [18] of9Be(d, xp) at 100 MeV
for different proton emission angles.

angle except at 20◦. The neutron stripping process domi-
nates over the elastic breakup process at small angles, and
the relative fraction is reduced with increasing emission
angle. Note that the Coulomb breakup of the deuteron is
not included in the present calculation, because Ridikas
et al. [18] show a negligibly small contribution from the
Coulomb breakup for9Be. Fig. 3 clearly shows that the
deuteron breakup processes is dominant over proton pro-
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Fig. 2. Comparison of the calculated DDXs of12C(d, xp) at 100
MeV with the experimental data [18] for different proton emis-
sion angles.

duction at forward angles and the statistical decay pro-
cesses have a major contribution at large angles. Although
our model calculation reproduces successfully well the ex-
perimental data at small angles, the Glauber model calcu-
lation shows that the peak position in the emission spectra
shifts to high energy as the emission angle increases, and
fails to reproduce the experimental spectra at intermediate
angles. Note that the trend appears at 20◦ as can be seen
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Fig. 3. The same as in Fig.1 but for the angular distribution.

in Figs. 1 and 2. This may suggest a limitation of applying
the Glauber model to large momentum transfer.

The CDCC and Glauber model calculations were also
applied to analyses of the continuum energy spectra of neu-
trons produced from the7Li(d, xn) reaction at 40 MeV,
which is regarded as a candidate reaction to produce in-
tense neutron beams. The result has been reported in Ref. [13].
The calculation reproduced the prominent bump observed
around 20 MeV in the experimental spectra fairly well. It
was found that the deuteron breakup processes are strongly
involved with the formation of the bump and the proton
stripping process is more predominant than the elastic breakup
process. Moreover, it was confirmed that the Glauber ap-
proximation is satisfied even at relatively low energy of 40
MeV because the stripping reaction takes place predom-
inantly in the peripheral region of the target nucleus7Li
and the potential depth between deuteron and7Li around
the surface is sufficiently smaller than the incident energy.

4 Summary and conclusions

The deuteron breakup reactions on7Li and 12C at incident
energies up to 100 MeV were analyzed using the model
calculation with the CDCC theory for the elastic breakup
process, the Glauber model for the stripping process, and
the moving source model for the statistical decay processes.
The calculations reproduce the experimental energy spec-
tra in the continuum at small angles of less than 20◦ quan-
tatively well.The analysis showed that the stripping pro-
cess is dominant over the elastic breakup process.

In the future, we plan to extend the present analysis to
(d, xp) reactions on heavier target nuclei. It is expected that
the Coulomb dissociation of the deuteron plays an essential
role in nucleon emission in very forward direction. Also,
it will be necessary to deal with the statistical decay pro-
cesses properly by using the preequilibrium and Hauser-
Feshbach models, instead of the moving source model.
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Japan Society for the Promotion of Science (No. 19560844).

References

1. H. Matsui, inProceedings of the 23rd Symposium on
Fusion Technology, Venice, Italy, 20-24 Sept. (2004).

2. T. Ye, Y. Watanabe, K. Ogata, and S. Chiba, Phys. Rev.
C 78, 024611 (2008).

3. M. Yahiro, Y. Iseri, H. Kameyama, M. Kamimura, and
M. Kawai, Prog. Theor. Phys. Suppl.89, 32 (1986).

4. Y. Iseri, M. Yahiro, and M. Kamimura, Prog. Theor.
Phys. Suppl.89, 84 (1986).

5. N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Raw-
itscher, M. Yahiro, Phys. Rep.154, 125 (1987).

6. Y. Iseri, M. Kamimura, M. Yahiro, Y. Sakuargi, and K.
Ogata,Bulletin of Research Computer System, Comput-
ing and Communications Center of Kyushu University,
Vol.5, No.3, 117 (2006) (); Vol.1, No.1, 16 (2007)
(); Vol.1, No.3, 88 (2008) ().

7. R. J. Glauber, inLectures in theoretical physics, vol. I
(Interscience, New York, 1959) p.315.

8. Y. Ogawa, K. Yabana, and Y. Suzuki, Nucl. Phys. A
543, 722 (1992).

9. K. Hencken, G. Bertsch, and H. Esbensen, Phys. Rev.
C 54, 3043 (1996).

10. J. Al-Khalili, in The Euroschool Lectures on Physics
with Exotic Beams, Vol. I, edited by J. Al-Khalili, E.
Roeckl, Lect. Notes Phys.651 (Springer, Berlin Heidel-
berg, 2004) pp. 77-112.

11. Yu. A. Berezhnoy, and V. Yu. Korda, Nucl. Phys.
A556, 453 (1993).

12. Yu. L. Parfenova, and M. V. Zhukov, Eur. Phys. J. A
12, 191 (2001).

13. T. Ye, Y. Watanabe, and K. Ogata, Phys. Rev. C80,
014604 (2009).

14. T. C. Awes, G. Poggi, S. Saini, C. K. Gelbke, R.
Legrain, and G. D. Westfall, Phys. Lett. B103, 417
(1981).

15. G. G. Ohlsen, Nucl. Instrum. Methods37, 240 (1965).
16. A. J. Koning and J. P. Delaroche, Nucl. Phys.A713,

231 (2003).
17. C. A. Bertulani and P. G. Hansen, Phys. Rev. C70,

034609 (2004).
18. D. Ridikas, W. Mittig, H. Savajols, P. Roussel-

Chomaz, S. V. F̈ortsch, J. J. Lawrie, and G. F. Steyn,
Phys. Rev. C63, 014610 (2000).

19. A. Auce, R. F. Carlson, A. J. Cox, A. Ingemarsson, R.
Johansson, P. U. Renberg, O. Sundberg, and G. Tibell,
Phys. Rev. C53, 2919 (1996).

11003-p.4


