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Chapter 1 

Introduction  
 

1.1 Deuteron accelerator neutron sources 

In recent years, intensive neutron sources using deuteron accelerator 

have been proposed for various applications. In these facilities, the (d,xn) 

reaction on light nuclei (Li, Be, C, etc.) is considered as a promising 

reaction to generate intensive neutron beams. Fig.1.1 shows experimental 

thick target neutron yields from (p,xn) and (d,xn) reactions on 9Be [1.1, 1.2]. 

This figure shows some advantages of a (d,xn) neutron source over a 

widely-used (p,xn) neutron source. First, the amount of generated neutrons 

is large. Second, the neutron spectrum has a broad energy peak around half 

the deuteron incident energy. This means that the most probable neutron 

energy can be changed by adjusting incident deuteron energy. In addition, 

the (d,xn) reaction has strongly forward-peaked angular distribution, which 

is an additional advantage from the point of view of shielding.  

From these favorable features, intensive neutron sources using 

deuteron accelerator have been proposed for various applications involved 

with not only international scientific projects such as International Fusion 

Materials Irradiation Facility (IFMIF) [1.3] and Neutron For Science (NFS) 

in SPIRAL2 [1.4], but also medical applications such as Boron Neutron 

Capture Therapy (BNCT) [1.5] and production of radioisotopes for medical 

use [1.6, 1.7]. 

In the above various applications, we pay particular attention to the 

generation of medical isotopes 64Cu (T1/2 = 12.7 h) with neutrons generated 

by C(d,xn) reactions [1.7]. 64Cu is one of radionuclide for positron emission 

tomography (PET) and PET is used for diagnosis of tumor cell and the 

dynamics of a medicine in living body. To produce 64Cu, it is expected that 

the 64Zn(n,p)64Cu reaction with neutrons below 10 MeV will be effective. 
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This is because Fig. 1.2 indicates that by-products via the other reactions 

are expected to be suppressed in this energy range. The selectivity of the 

most probable neutron energy for (d,xn) neutron sources is useful in the 

case where a certain neutron energy range is required like this case. 

 

1.2 Requirement for deuteron nuclear data 

As mentioned above, light nuclei (Li, Be, C, etc.) is considered as a 

deuteron target material in deuteron accelerator neutron sources. In 

addition, deuteron accelerator components consist of various structure 

materials including Fe, Cr, Ni, etc. as well as target materials. Thus, 

accurate nuclear database of deuteron-induced reactions over wide ranges 

of target mass number and incident deuteron energy are indispensable for 

engineering design of deuteron accelerator neutron sources. 

Currently available deuteron nuclear data file is TENDL 

(TALYS-based evaluated nuclear data library) [1.9] which has been 

developed by compiling the output of TALYS code [1.10]. Fig.1.3 shows 

the comparison of double-differential cross sections calculated with 

TALYS code and experimental data [1.11] for 58Ni (d,xp) at 100MeV. The 

calculation result underestimates considerably a characteristic broad peak 

observed around half the deuteron incident energy in experimental data. In 

addition, as shown in Fig. 1.4, calculation results of TALYS code 

underestimate the experimental data [1.12, 1.13] of production cross 

section of radioactive nucleus 46Sc (T1/2 = 83.79 day) from 45Sc(d,p) 

reactions. From these two figures, it can be said that the present TALYS 

code is not necessarily adequate for calculation of deuteron-induced 

reactions. Thus, new comprehensive and accurate nuclear data of 

deuteron-induced reactions are required for the development and 

engineering design of deuteron accelerator neutron sources. 

Figure 1.5 shows a flowchart of development of deuteron nuclear 

data and its applications. Since the number of cross section data to be 

stored in deuteron nuclear data is very large, it is impossible to create it 
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based on experimental data alone. Therefore, in order to develop the new 

deuteron nuclear data, it is necessary to develop an integrated code system 

based on theoretical models for deuteron-induced reactions. In addition, 

careful validation of applicability of the code system over the wide ranges 

of target mass number and incident deuteron energies should be made. If 

the calculation results fail to reproduce experimental data, one needs to 

adjust input parameters used in the calculations or refine the calculation 

models. After these processes, “evaluated” values of cross sections are 

stored in deuteron nuclear data. Deuteron nuclear data is compiled in the 

form of ENDF (Evaluated Nuclear Data File) format and then processed to 

ACE (A Compact ENDF) format by NJOY code [1.14]. ACE is a format 

of nuclear data used in Monte Carlo code such as PHITS (Particle and 

Heavy Ion Transport Code System) [1.15]. In this way, deuteron nuclear 

data will be used in the engineering design and development of deuteron 

accelerator neutron sources for various applications.  

 

1.3 Deuteron induced reactions 

Deuteron is a very loosely bound system of a proton and a neutron 

and its binding energy is 2.225 MeV. As shown in Fig.1.6, therefore, 

characteristic reaction processes on deuteron-induced reaction such as 

elastic breakup and stripping reaction are likely to occur, and these 

reactions are expected to make a large contribution to various 

deuteron-induced reaction cross sections. Thus, it is important to choose 

theoretical models to describe adequately both the breakup and stripping 

processes. 

Under the circumstance, Ye et al. proposed a theoretical model 

calculation method in order to describe nucleon emissions from 

deuteron-induced reactions quantitatively [1.16, 1.17]. In the calculation 

method, the Continuum Discretized Coupled-Channels method (CDCC) 

[1.18] and the Glauber model [1.19] were used to calculate elastic breakup 

and stripping reactions, respectively. As a result of analysis at incident 
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energies up to 100MeV, it was shown that the calculation results reproduce 

broad peak observed around half the incident deuteron energy in 

experimental data fairly well at small angles.  

However, in their method, the phenomenological moving-source 

(MS) model was used to estimate statistical decay components, i.e., 

pre-equilibrium and evaporation components. The MS model has low 

predictive power because it needs some parameters determined by fitting 

the experimental data. This means that the MS models is not necessarily 

adequate for calculation toward development of nuclear data. In addition, 

the Glauber model cannot treat the stripping reaction to bound states in the 

residual nucleus properly and relative contribution of this component gets 

larger at incident energies below 50MeV. Since this incident energy range 

is important for various application fields, we should consider the 

stripping reaction to bound states properly for development of deuteron 

nuclear data. 

 

1.4 The purpose of this work 

As shown in Fig. 1.5, theoretical cross section calculation plays an 

important role in development of deuteron nuclear data. However, so far 

there has been no code system which can be used for development of 

comprehensive and accurate deuteron nuclear data. Taking into 

consideration these circumstances, the purposes of this work are as 

follows: 

 To develop an integrated code system dedicated for deuteron-induced 

reactions 
 To validate the code system through analysis of available experimental 

cross section data 
 

In Chapter 2, brief explanations about the code system we 

developed and the theoretical models used in it are provided.  

In Chapter 3, systematic investigation of spectroscopic factors 
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(SFs) which are necessary to determine the absolute values of DWBA 

calculations are performed. SFs for the (d,p) reactions on 12C, 27Al, 40Ca, 

and 58Ni for incident deuteron energies up to 100 MeV are extracted 

systematically by fitting theoretical DWBA calculations to the exiting 

experimental data. 

In Chapter 4, the code system is applied to analysis of 

double-differential cross sections (DDXs) for the (d,xp) reactions on 12C, 
27Al, and 58Ni at 25.5, 56, and 100MeV. 

In Chapter 5, the code system is also applied to analysis of 

production cross sections of radioactive nuclei from the (d,p) reactions on 
27Al and 45Sc at incident energies from threshold to 50 MeV. 

Finally, Chapter 6 gives a summary of this work, and perspectives 

of the future works are described. 
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Fig. 1.1 Thick target neutron yields from 
(p,xn) and (d,xn) reactions on 9Be at 40 MeV. 

 
 

 

 Fig. 1.2 Neutron cross sections for 64Zn taken from JENDL-4.0 [1.8]. 
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Fig. 1.3 Comparison of calculation with TALYS code  
 and experimental data for double-differential cross sections 

 for (d,xp) reaction on 58Ni at 100MeV. 
 

 

Fig. 1.4 Same as Fig. 1.3 but for  
production cross section of 46Sc from 45Sc(d,p) reactions. 
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Fig. 1.5 Flowchart of development of deuteron nuclear data 
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Fig. 1.6 Schematic view of various deuteron-induced reactions. 
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Chapter 2 

Theoretical models 
 

The code system developed in the present work consists of several 

model codes to describe respective reaction mechanisms characteristic for 

deuteron-induced reactions. In this chapter, the structure of the code 

system and the theoretical models used in it are outlined. 

 

2.1 Structure of the integrated code system 

Figure 2.1 shows the structure of the integrated code system. 

Elastic breakup reaction is calculated with the codes based on the 

Continuum-Discretized Coupled-Channels method (CDCC) [2.1]. 

Stripping reactions to bound states in the residual nuclei are calculated 

using the DWUCK4 [2.2], which is the computational code based on 

conventional zero-range Distorted Wave Born Approximation (DWBA). 

In the DWBA calculation, spectroscopic factors (SFs) are necessary to 

determine the absolute value of calculations. With respect to SFs, detailed 

description is given in Chapter 3. Next, the computational code based on 

the Glauber model [2.3] is used to calculate the stripping reactions to 

continuum. Finally, statistical decay components from compound nuclei 

are calculated using the Hauser-Feshbach and exciton models 

implemented in the CCONE code [2.4] which was successfully applied to 

neutron nuclear data evaluation for JENDL-4.0 [2.5]. As described in 

Chapters 4 and 5, the CCONE results for three different compound nuclei 

are finally averaged by the formation fractions calculated with the Glauber 

model. In the following sections, the individual theoretical models are 

outlined. 
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2.2 CDCC method 

 The basic idea of CDCC [2.1] is to truncate and discretize the 

infinite number of breakup continuum states of the weekly bound 

projectile such as deuteron to finite number of discrete states with respect 

to its fragmentation and relative momentum (or excitation energy), and to 

introduce them to the coupled channel (CC) equations. 

According to Ref. [2.6], in the case where proton is detected via 

the elastic breakup process, the triple differential cross section for elastic 

breakup in the laboratory system is expressed as 

)(
2 2
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d
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p

L

p
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EB ET
PdEdd
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,            (2.1) 

where L

nd  and L

pd  represent the emission direction of neutron and 

proton, respectively, L

pE  is the proton emission energy, μi is the reduced 

mass of the initial state, Pd is the momentum of the incident deuteron, Tfl is 

the transition matrix element, and ρ( L

pE ) is the three-body phase space 

factor [2.7]. Tfl is given by Eq. (2.10) in Ref. [2.6]. 

 The double differential cross section with respect to the proton 

emission energy and angle is obtained by integrating the Eq. (2.1) over 

neutron emission angle: 
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2.3 DWBA 

 The DWBA has been quite widely used for the analysis of direct 

process such as (d,p) stripping reaction. In the present code system, 

DWBA calculations are performed with the DWUCK4 code [2.2]. In the 
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DWUCK4, it is assumed that the transfer process occurs in the only one 

step. Under this assumption, the angular differential cross section of (d,p) 

reaction are given as follows: 

2

2

),(

)2( DWBA

d

pfipd T
k

k

d

d







,                 (2.3) 

where μi and μf are the reduced masses of initial and final state, 

respectively, kp and kd are the wave numbers of deuteron and proton, 

respectively, and TDWBA is the transition matrix element of DWBA. TDWBA 

is expressed by Eq. (2.4). 

)()(   idpnnAfDWBA VT   ,               (2.4) 

where )()(

ii r  and )()(

ff r  are distorted waves between the deuteron 

and the target nucleus in the initial state and the proton and the residual 

nucleus in the final state, )( pnd r  is the wave function of deuteron, 

)( nAnA r  is the bound state wave function of neutron in the residual 

nucleus, and )( pnpnV r  is the residual interaction. The coordinate system in 

DWBA calculation is shown in Fig. 2.2.  

In the DWUCK4, the zero-range approximation is used as follows: 

)()()( 0 pnpndpnpn DV rrr  ,                      (2.5) 

where D0 is called zero-range constant. In the present work we introduce 

the finite-range correction to the zero-range approximation and the form 

factor is multiplied by the following function: 

   1)(1)(  rArWFR                    (2.6) 
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where mp, mn, md and Ep, En, Ed and Vp, Vn, Vd are the masses, the energies, 

and the potentials of proton, neutron, and deuteron, respectively. R is 

called as finite range correction factor. In addition, we also use the 

correction for non-locality of optical potentials and the distorted waves are 

multiplied by the following coefficient: 








 )(
2

8
exp)(

2

2

ii
ii

iNL rV
m

rW



,                (2.8) 

where i  is the non-locality parameter for particle i and defined for 

proton and deuteron. 

 

2.4 Glauber model 

 In the present code system, the computational code based on the 

Glauber model [2.3] are used to calculate DDXs for stripping reactions to 

continuum and the cross section of deuteron absorption, proton stripping, 

and neutron stripping, respectively. The Glauber model is a semi-classical 

model using the eikonal and adiabatic approximations. In the Glauber 

model, the scattering matrix S is given by  

 )(exp)( ddd bibS  ,                  (2.9) 

and 






 dzzbV
v

b dddd )(
1

)( 22


 ,              (2.10) 

where χd is the eikonal phase shift, bd is the impact parameter 

perpendicular to the deuteron incident direction along the z axis, v is the 

relative velocity between the deuteron and the target nucleus, and Vd is the 

deuteron potential. In this work, Vd is expressed by the sum of the proton 

potential Vp and the neutron potential Vn, and in this case χd(bd) is the sum 

of the phase shift for proton χp(bp) and that for neuteron χn(bn) as follows: 
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)()()( nnppdd bbb   ,                (2.11) 

where bp and bn is the impact parameter of proton and neutron 

perpendicular to the z axis. The scattering matrices for proton and neutron 

are defined by 
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In this work, a phenomenological optical potentials (OPs) is used for Vp 

and Vn. Since the integral in Eq. (2.12) for the Coulomb part of the proton 

OPs diverge, the Coulomb eikonal phase shift is added to the χp(bp) 

calculated using Vp without the Coulomb potential same as Ref. [2.8]. 

 The differential cross section for the neutron stripping process is 

given in the center of mass of the p-n system by the following expression 

[2.9]: 
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where r is the relative coordinate between the proton and neutron in the 

deuteron, C
pk  is the proton-wave-number vector, and  r00  is the wave 

function of the deuteron ground state. The double differential cross section 

of neutron stripping reaction can be obtained by transforming the Eq. 

(2.13) to the laboratory system: 

C
p
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L
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.                (2.14) 

 Next, the total reaction cross section REA , the proton stripping 

reaction cross section STRp , the neutron stripping reaction cross section
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STRn , and the elastic breakup cross section EB  can be calculated as 

follows: 
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and the deuteron absorption cross section ABSd   is defined as follows: 

 EBSTRnSTRpREAABSd    .           (2.19) 

 

 

2.5 Exciton model and Hauser-Feshbach model  

 In the present code system, the CCONE code [2.4] are used to 

calculate statistical decay components, i.e., pre-equilibrium and compound 

components.  

In the original CCONE code, the calculation of the pre-equilibrium 

reaction is performed based on the formalism of the two-component 

exciton model by Kalbach [2.10 - 2.12] with some modifications. In 

addition, the CCONE code has recently been extended so as to treat 

multiple particle emission from pre-equilibrium process and to obtain 

spectrum in the laboratory system. The details of the two-component 

exciton models and its extensions are described in Refs. [2.4, 2.13]. In the 
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present code system, the latest version of CCONE are adopted and so the 

above extensions are available. 

On the other hand, the Hauser-Feshbach models is used to 

calculate the compound nuclear reaction. In the CCONE code, the 

Hauser-Feshbach models including width fluctuation correction (WFC) is 

applied and multi-particle emission from the compound nucleus is 

included with conservation of the spin and parity. As it is for the exciton 

models, the details of the Hauser-Feshbach models used in the CCONE 

code are described in Ref. [2.4]. 
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Fig. 2.1 Structure of the integrated code system 
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Fig. 2.2 Coordinate system in the DWBA calculation 
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Chapter 3 

Systematic investigation of spectroscopic factors 

for (d, p) reactions 

 

As described in the Chapter 2, in the integrated code system, 

Distorted Wave Born Approximation (DWBA) is used to calculate 

stripping reactions to bound states in the residual nuclei. In this chapter, 

we perform systematic investigation of spectroscopic factor (SF) which is 

necessary to determine the absolute values of DWBA calculations.  

 

3.1 Earlier works on systematic investigation of spectroscopic 

factors 

 First of all, there are several earlier works on systematic 

investigation of neutron SFs. Liu et al. [3.1] extracted the SF values of 
12C(d,p)13Cg.s. and 13C(p,d)12Cg.s. reactions for incident energies up to 60 

MeV and investigated the dependence of optical potentials (OPs) used in 

DWBA calculations on the SF value. Tsang et al. [3.2] analyzed a lot of 

experimental data and extracted the ground state neutron SFs for 80 nuclei 

from Li to Cr isotopes. Most of the extracted SF values were reproduced 

by Large-Basis Shell-Model (LB-SM) predictions within 20%. Both the 

analyses were conducted only for the ground-state to ground-state 

transitions. SF values for excited states in the residual nuclei are also 

necessary in nuclear data evaluation of deuteron induced reactions. In 

addition, it is not clear whether or not the SF values extracted by 

conventional DWBA analyses are independent of incident energy if the 

range of incident energy is extended over 60 MeV. Thus, it is interesting 
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to investigate systematically the SF values deduced by DWBA analyses 

for wide ranges of deuteron incident energy and target mass number. In the 

following, therefore, SFs for the (d,p) reactions on 12C, 27Al, 40Ca, and 58Ni 

for incident deuteron energies up to 100 MeV are extracted systematically 

by fitting theoretical DWBA calculations to the exiting experimental data. 
 

3.2 Input parameters of DWBA calculation 

The DWBA differential cross section for the (d,p) reaction leading 

to the bound state i is given by 
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where Ed is the incident deuteron energy, D0 is a constant used in 

zero-range approximation, JA and Ji are the spins of target nucleus and i-th 

state of residual nucleus, respectively, Si is the spectroscopic factor for 

each state, j is the spin of transferred neutron, and dd DWUCK

ibound /4

,  is the 

differential cross section calculated with the DWUCK4 code [3.3]. The 

spectroscopic factor Si is extracted by fitting the calculated DWBA cross 

section to the corresponding experimental one in the small angular region 

where neutron stripping process is dominant.  

Input parameters used in DWUCK4 calculations are listed in Table 

3.1. The parameters except OPs are determined with reference to Refs. 

[3.1, 3.2]. Global OPs of Koning and Delaroche (KD) [3.4] are employed 

for proton and neutron. The adiabatic potential based on nucleon OPs of 

KD is used for deuteron [3.5]: hereafter this OP option will be referred to 

as “Adiabatic”. The other OP option with global deuteron OP of An and 

Cai [3.6] is also used to assess the effect of the adiabatic potential, which 

will be called as “An-Cai” option. The Woods-Saxon shape with fixed 

radius and diffuseness parameters given in Table 3.1 is assumed for 

neutron binding potential. No spin-orbit coupling is considered as in Refs. 
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[3.1, 3.2], because we have confirmed that that DWUCK4 calculations 

vary only 5% or less even if spin-orbit coupling is included. Moreover, the 

relativistic correction is not considered because the effect is within a few 

percent at 100 MeV. 

 

3.3 Analyses of differential cross sections for (d,p) reactions 

Experimental differential (d,p) cross sections available in the wide 

range of incident energy are used to investigate the incident energy 

dependence of SFs. They are for the reactions 12C(d,p)13Cg.s., 
27Al(d,p)28Alg.s., 40Ca(d,p)41Cag.s., and 58Ni(d,p)59Nig.s.. In the present 

analyses, the SF values are extracted by fitting the DWBA calculations to 

the experimental data using the least-square method in the angular range 

of θc.m. < 60o. In the same manner as Ref. [3.1], the statistical decay 

contribution from compound nuclei is not considered because this 

component is not so large at forward angles. Our preliminary calculation 

showed that the effect on extracted SF values is about 25% in the largest 

case of the 12C(d,p)13Cg.s. at 7.15 MeV and it reaches to a few percent in 

the case of incident energies larger than 10 MeV or target nuclei heavier 

than 12C as described in Ref. [3.7]. 

Figure 3.1 shows comparison of calculated and experimental 

differential cross sections for the 12C(d,p)13Cg.s. reaction in the incident 

energy range from 7.15 MeV to 56 MeV. All of experimental data are 

taken from the works cited in Ref. [3.1]. The calculation results with two 

optical potential options, “Adiabatic” and “An-Cai”, are shown by solid 

and dashed lines, respectively. Both the calculations show good agreement 

with the experimental data at small angles to the same extent.  

In Fig. 3.2, the results for the 27Al(d,p)28Alg.s. reaction are shown in 

the incident energy range from 6 MeV to 23 MeV. Experimental data are 

taken from Refs. [3.8 - 3.10]. The contribution of the transition to the first 

excited state of 28Al (Eex = 0.031 MeV) is included only at 23 MeV [3.10]. 

From the experimental data at 6 MeV [3.8] and 12 MeV [3.9], the 
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magnitude of this component is estimated to be about half of the transition 

to the ground state. The SF value at 23 MeV is extracted under the same 

estimation. It should be noted that two components of angular momentum 

transfer, l = 0 and 2, are considered in the 27Al(d,p)28Alg.s. reaction in the 

same way as in Refs. [3.8 - 3.10]. As is the case in Fig. 3.1, the 

calculations reproduce the experimental data at forward angles fairly well.  

Figures 3.3 and 3.4 are the results for the 40Ca(d,p)41Cag.s. and the 
58Ni(d,p)59Nig.s. reaction in the incident energy range up to 56 MeV, 

respectively. Experimental data are taken from Refs. [3.11 - 3.18] for 
40Ca(d,p)41Cag.s. and Refs. [3.19 - 3.22] for 58Ni(d,p)59Nig.s.. Through all the 

DWBA analyses, the calculations show good agreement with experimental 

data and relatively those with “Adiabatic” option look better. The 

extracted SF values are given and discussed in the later section 3.4. 

 

3.4 Extraction of spectroscopic factors at high incident 

energies 

 For deuteron nuclear data evaluation, it is of great importance to 

investigate SF values over the wide range of incident energy. However, 

there is no experimental differential cross section for (d,p) reactions in the 

energy range higher than 56 MeV as shown in Figs. 3.1 to 3.4. On the 

other hand, experimental data of DDXs for the (d,xp) reactions on 12C, 
27Al and 58Ni in this energy range do exist [3.23 - 3.27]. In these DDXs, 

overlapped peaks are observed in the high emission energy region at 

forward angles. These peaks correspond to the contributions from the 

stripping reaction to bound states in residual nuclei. It should be noted that 

the SF values can be obtained using the experimental data of DDXs from 

the (d,xp) reactions if we assume that the incident energy dependence is 

same for all the final states. We have therefore attempted to extract SF 

values in the incident energy region between 56 MeV to 100 MeV using 

the experimental DDXs in the following manner.  
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First of all, the experimental DDXs are integrated over the energy of 

emitted protons around the observed peaks to obtain the differential cross 

sections with respect to angle as shown in Fig 3.5.  

Next, the spectroscopic factor Si(E0) is deduced for each discrete 

state i at the incident energy E0 where experimental differential cross 

sections for as many final states as possible are available for 12C [3.28], 
27Al [3.8], and 58Ni [3.22]. The number of final states at E0 is defined as I0. 

The values of E0 and I0 for 12C, 27Al, and 58Ni are listed in Table 3.2. Using 

the extracted Si(E0), DWBA differential cross sections are calculated for 

all final states up to I0 using Eq. (3.1) at other incident energy Ed where the 

experimental DDXs exist. The calculated DWBA differential cross 

sections are summed from i = 1 up to I0. The summed result can be 

compared to the experimental data integrated over emission energy around 

the observed peaks.  

Then, the normalization constant N(Ed) is determined so that the 

DWBA calculation reproduces the experimental data at small angles 

reasonably well as shown in Fig. 3.6. Finally, the SF value for each final 

state at Ed is deduced as the product of N(Ed) and Si(E0) under the 

assumption that the incident energy dependence is same for all the final 

states. In this way, the SF values at incident energies between 56 MeV and 

100 MeV are extracted from DWBA analyses using DDXs data. 

 

3.5 Results and discussion about spectroscopic factors 

First, the SF values for the 12C(d,p)13Cg.s. reaction extracted from the 

present analysis are presented in Fig. 3.7 and Table 3.3. The SF values 

extracted by Liu et al. [3.1] are also shown for comparison. In Fig. 3.7, the 

SF values extracted from the analyses of differential cross sections and the 

DDXs are plotted as solid circles and solid squares, respectively. In 

addition, the horizontal dashed line denotes a theoretical SF value 

obtained from shell-model calculation (0.61) [3.2]. As seen in Fig. 3.7, the 

present SF values show similar energy dependence to the previous SF 
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values [3.1] in the energy range up to 50MeV. Furthermore, one notices 

that the absolute SF value depends strongly on deuteron OPs used in 

DWBA calculation. The difference between “Adiabatic” and “An-Cai” is 

similar to that between “Liu (CH)” and “Liu (DWBA)”, where “CH” and 

“DWBA” denote the use of adiabatic deuteron OP and global deuteron OP 

in Ref. [3.1], respectively. In both the cases, the absolute SF values for 

adiabatic OPs are smaller than those for global OPs. In addition, the SF 

values extracted from 13C(p,d)12Cg.s. pickup reactions at 63MeV are 0.26 to 

0.43 depending on OPs used in DWBA calculation [3.29], which are much 

smaller than the SF values below 50 MeV and this decline trend with 

increasing energy seen over 50 MeV is similar to the energy dependence 

seen in the present work.  

In Fig. 3.8 and Table 3.4, the SF values for the 27Al(d,p)28Alg.s. 

reaction are presented. As described in Sec. 3.2, two components of l = 0 

and 2 are considered and the sum of two SF values is plotted. The 

horizontal dashed line denotes a theoretical SF value (0.60) obtained by a 

shell-model calculation cited in Ref. [3.2]. As in the 12C(d,p)13Cg.s. 

reactions, the trend of the energy dependence is similar regardless of 

deuteron OPs and the absolute SF values get small in the case of adiabatic 

OPs.  

Next, the SF values for the 40Ca(d,p)41Cag.s. reaction are shown in 

Fig. 3.9 and Table 3.5. Since there is no experimental DDX for the 
40Ca(d,xp) reaction, the upper limit of incident energy is 56 MeV. The 

extracted SF values are distributed near unity. The SF physically means 

the degree of vacancy of the corresponding single particle orbit. In the 
40Ca(d,p)41Cag.s. reaction, the theoretical neutron SF value must be unity 

since 40Ca is doubly closed shell nuclei and the independent particle model 

works well. In fact, a theoretical SF value obtained by a shell-model 

calculation cited in Ref. [3.2] is 1.0. Therefore, the present DWBA 

analysis seems reasonable. The general trend of the energy dependence is 

similar to that for two cases of 12C and 27Al. 
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Finally, the SF values for the 58Ni(d,p)59Nig.s. reaction are presented 

in Fig. 3.10 and Table 3.6. The horizontal dashed line denotes a theoretical 

SF value (0.48) taken from Ref. [3.30]. In addition, the SF value extracted 

from experimental differential cross sections for (d,p) reactions at 56 MeV 

[3.22] and that extracted from experimental DDXs for (d,xp) reactions at 

56 MeV [3.26] almost coincide with each other. This result indicates the 

validity of the present analysis with DDXs.  

The present DWBA analysis reveals that the extracted SF values of 

all the four reactions have similar incident energy dependence. The steep 

rise of the SF values with decreasing energy below 10 MeV may be 

attributed partly to the effect of compound formation and resonances as 

discussed in the Ref. [3.1]. On the other hand, the reason is not clear for 

the gradual decrease of SF values with increasing energy. Finite range 

effect might be responsible partly for this trend because zero range 

approximation is used in the DWUCK4 code. Further study will be 

necessary to explain the incident energy dependence of the extracted SF 

values. 

 

3.6 Empirical expression of the energy dependence 

From the view point of nuclear data evaluation, we propose a 

practical way to consider the energy dependence of the SF values in the 

calculation of stripping reactions below. Based on the SF values extracted 

with “Adiabatic” option for the 12C(d,p)13Cg.s. reaction, the following 

empirical expression describing the energy dependence is derived: 
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As seen in Fig. 3.11, the empirical SF values reproduce the SF values 

extracted from the DWBA analysis for 12C fairly well. Since the energy 

dependence of SFs for the other reactions resembles that for the 
12C(d,p)13Cg.s., we assume the same energy dependence as Eq. (3.2) and 
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obtain the following empirical expression of SF values for the other 

reactions: 

)()( 12,1-C,, dikdik ESFES  ,                  (3.3) 

where Fk,i is a scaling factor depending on target nucleus k and the excited 

states i of residual nucleus. As shown in Fig. 3.11, the empirical SF values 

are in reasonable agreement with the SF values extracted with “Adiabatic” 

option. The obtained Fk,1 factor are 0.6 for 27Al(d,p)28Alg.s., 1.4 for 
40Ca(d,p)41Cag.s., and 0.8 for 58Ni(d,p)59Nig.s., respectively. Since the SF 

does not necessarily change smoothly along with target mass number A 

and atomic number Z, we were not able to express Fk,i as a function of A 

and Z like conventional global OPs. However, one can apply Eqs. (3.2) 

and (3.3) to the cross section calculation for (d,p) stripping reactions for 

incident energies up to 100 MeV if one can obtain the SF value at a certain 

incident energy experimentally or theoretically. This will be useful for 

future deuteron nuclear data evaluation. 

 

3.7 Summary 

Neutron spectroscopic factors for the (d,p) reactions on 12C, 27Al, 
40Ca, and 58Ni  for incident deuteron energies up to 100 MeV were derived 

by DWBA analyses. It was shown that the absolute value of SF depends 

strongly on deuteron OPs used in DWBA calculation. In addition, the 

extracted SFs showed similar incident energy dependence among all the 

target nuclei. Finally, an empirical expression describing the energy 

dependence was deduced. The values of SFs obtained here are used for the 

DWBA calculations in the following chapters 4 and 5. 
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Table 3.1 Summary of input parameters used in DWUCK4. 
 

Proton potential Koning-Deraloche [3.4] 

Deuteron potential Adiabatic [3.5] from KD (“Adiabatic” option ) 

 An-Cai [3.6] ( “An-Cai” option ) 

Neutron binding potential Woods-Saxon form 

                               r0 = 1.25 [fm], a = 0.65 [fm] 

Finite range correction factor [fm] 0.7457 

Zero-range constant D0
2 [MeV2fm3] 1.5×104 

Nonlocality parameters p:0.85, d:0.54 

 

 

 

 

 

Table 3.2 List of the values of E0 and I0. 
 

Reaction        E0 [MeV]          I0 
12C(d,p)13C        56               4  

27Al(d,p)28Al        6               35  
58Ni(d,p)59Ni        56              35  
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Table 3.3 List of spectroscopic factors for the 12C(d,p)13Cg.s. reaction 
 extracted from the present analysis and the one by Liu et al. [3.1]. 

 

Ed [MeV] Adiabatic An-Cai Liu(JLM) Liu(CH) Liu(DWBA)

7.15 0.75 0.92 0.89 0.93 0.94 

8.9 0.71 0.89 0.80 0.90 0.91 

10.2 0.68 0.83 0.68 0.79 0.81 

11.8 0.71 0.77 0.61 0.74 0.77 

12 0.63 0.76 0.50 0.63 0.68 

12 0.71 0.79 0.75 0.85 0.86 

12.4 0.70 0.81 0.63 0.74 0.78 

14.7 0.62 0.75 0.61 0.74 0.79 

14.8 0.61 0.72 0.64 0.75 0.78 

15 0.68 0.79 0.53 0.67 0.74 

16.6 0.56 0.70 0.48 0.59 0.66 

19.6 0.62 0.77 0.52 0.65 0.76 

25.9 0.66 0.78 0.59 0.69 0.79 

30 0.58 0.72 0.52 0.65 0.79 

51 0.57 0.79 0.66 0.82 1.06 

56 0.55 0.76 - - - 

100(DDX) 0.28 0.34 - - - 

 

  



34 
 

Table 3.4 List of spectroscopic factors for the 27Al(d,p)28Alg.s. reaction 
 extracted from the present analysis. 

 

 
Adiabatic 

Ed [MeV] l = 0 l = 2 Sum 

6 0.52 0.13 0.65 

12 0.43 0.10 0.53 

23 0.36 0.08 0.44 

25.5(DDX) 0.31 0.08 0.39 

56(DDX) 0.28 0.07 0.35 

80(DDX) 0.24 0.06 0.30 

100(DDX) 0.11 0.03 0.14 

 

 

 
An-Cai 

Ed [MeV] l = 0 l = 2 Sum 

6 0.69 0.21 0.90 

12 0.55 0.17 0.72 

23 0.47 0.14 0.61 

25.5(DDX) 0.41 0.13 0.54 

56(DDX) 0.37 0.11 0.49 

80(DDX) 0.28 0.08 0.36 

100(DDX) 0.14 0.04 0.18 
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Table 3.5 Same as Table 3.4 but for the 40Ca(d,p)41Cag.s. reaction. 
 

Ed [MeV] Adiabatic An-Cai 

5 1.14 1.20 

7 1.04 1.11 

8 0.96 1.01 

9 1.06 1.08 

10 1.01 1.01 

11 0.89 0.88 

11.8 0.89 0.87 

12 0.97 0.95 

12.8 0.97 0.94 

14.3 0.96 0.93 

20 0.99 0.97 

56 0.85 0.93 
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Table 3.6 Same as Table 3.4 but for the 58Ni(d,p)59Nig.s. reaction. 
 

Ed [MeV] Adiabatic An-Cai 

7 0.52 0.68 

9 0.51 0.64 

10 0.48 0.61 

56 0.47 0.59 

56(DDX) 0.46 0.57 

80(DDX) 0.32 0.38 

100(DDX) 0.26 0.30 
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Fig. 3.1 Calculated and experimental differential cross sections for  
the 12C(d,p)13Cg.s. reaction for incident energies from 7.15 to 56 MeV. 
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Fig. 3.2 Same as Fig. 3.1 but for the 27Al(d,p)28Alg.s. reaction for incident 
energies from 6 to 23 MeV. The contribution of the transition to the first 

excited state (Eex = 0.031 MeV) is included only at 23 MeV. 
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Fig. 3.3 Same as Fig. 3.1 but for the 40Ca(d,p)41Cag.s. reaction  
for incident energies from 5 to 56 MeV. 
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Fig. 3.4 Same as Fig. 3.1 but for the 58Ni(d,p)58Nig.s. reaction  
for incident energies from 7 to 56 MeV. 
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Fig 3.5 Differential cross sections obtained by integral of high energy peak 
observed in the experimental DDX data. 
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Fig. 3.6 Comparison of experimental and DWBA differential cross 
sections corresponding to overlapped peaks seen in the high emission 

energy region in (d,xp) spectra. The integral intervals are from the proton 
emission energy corresponding to the ground state to that corresponding to 

the I0 given by Table 3.2. 
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Fig. 3.7 Spectroscopic factors for the 12C(d,p)13Cg.s. reaction 
 extracted from the present analysis and the past work [3.1]. 

Solid circles and solid squares denote the spectroscopic factors extracted 
from analyses of differential cross sections and DDXs, respectively. 
Horizontal dashed line represents a theoretical spectroscopic factor. 
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Fig. 3.8 Spectroscopic factors for the 27Al(d,p)28Alg.s. reaction 
 extracted from the present analysis. 

 Solid circles and solid squares denote the spectroscopic factors extracted 
from analyses of differential cross sections and DDXs, respectively. 
Horizontal dashed line represents a theoretical spectroscopic factor. 
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Fig. 3.9 Same as Fig. 3.8 but for the 40Ca(d,p)41Cag.s. reaction. 
 

 

 

 

Fig. 3.10 Same as Fig. 3.8 but for the 58Ni(d,p)59Nig.s. reaction. 
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Fig. 3. 11 Comparison between spectroscopic factors extracted from 
DWBA analysis and empirical spectroscopic factors. 

 Solid circles and solid squares denote the spectroscopic factors extracted 
from analyses of differential cross sections and DDXs, respectively. 
Horizontal dashed lines represent theoretical spectroscopic factors. 
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Chapter 4 

Double differential cross sections for (d,xp) 

reactions  
 

In this chapter, the code system we developed is applied to analysis 

of double-differential cross sections (DDXs) for (d,xp) reactions. For 

engineering design of deuteron accelerator neutron sources, DDXs for 

(d,xn) reactions are critically important. However, experimental data of 

DDXs for (d,xn) reactions are lack over wide ranges of target mass 

number and incident energy. On the other hand, experimental data of 

DDXs for (d,xp) reactions exist to some extent. To validate the employed 

physical models, therefore, we compare the calculation results with 

experimental data of DDXs for (d,xp) reactions instead of (d,xn) reactions.  

 

4.1 Calculation method 

In the present code system, DDXs of (d,xp) reactions are expressed 

by incoherent summation of three components: 










 dEd

d

dEd

d

dEd

d

dEd

d
SDSTRBUxpd  222

),(

2

             (4.1) 

where dEdd BU /2 , dEdd STR /2 , and dEdd SD /2 correspond to 

DDXs for elastic breakup reaction, neutron stripping reaction, and 

statistical decay, respectively. In these three components, elastic breakup 

components are directly calculated with the CDCC method as described in 

Ref. [4.1].  

Neutron stripping reaction components are divided into the 

following two components:  
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where dEdd continuum /2 and dEdd bound /2  correspond to DDXs for 

stripping reactions to continuum and to bound states, respectively. The 

latter DDXs are obtained by folding the calculated DWBA cross sections 

corresponding to each bound state with Gaussian function as follows: 
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where E is the proton emission energy, σ is the standard deviation 

representing experimental energy resolution, and μi is the emission energy 

corresponding to the i-th discrete peak. dd DWBA

ibound /,  is the differential 

cross section calculated from Eq. (3.1).  

The Glauber model cannot deal with individual transitions to 

bound states by stripping process and calculates the sum of stripping to 

both continuum and bound states as a continuous spectrum. Thus, DDXs 

calculated by the Glauber model and the DWBA approach overlap with 

each other in the high emission energy region including bound states. To 

avoid the double counting, the DDXs calculated by the Glauber model are 

cutoff near a bit lower emission energy than the broad peak by DWBA 

calculation. The remaining Glauber model component corresponding to 

dEdd continuum /2  in Eq. (4.2) is renormalized so that the total stripping 

component calculated by the Glauber model is conserved. 

Statistical decay processes from compound nuclei are relatively 

complicated. We cannot calculate directly them with the CCONE code 

[4.2]. This difficulty is caused by the fact that three different compound 

nuclei are formed by absorption of either a neutron or a proton or both in 

the deuteron in the case of deuteron-induced reactions. A schematic 

picture of these processes is shown in Fig. 4.1. To solve this problem, we 
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calculate DDXs for statistical decay from those compound nuclei in the 

following way: 










 dEd

d
R

dEd

d
R

dEd

d
R

dEd

d CCONE

xpn

n

CCONE

xpp

p

CCONE

xpd

d
SD ),(

2

),(

2

),(

22 
      (4.4) 

where Rd, Rp, and Rn denote the formation fractions of three different 

compound nuclei, and dEdd CCONE

xpd /),(

2 , dEdd CCONE

xpp /),(

2 , and 

dEdd CCONE

xpn /),(

2 are DDXs for (d,xp) , (p,xp) , and (n,xp) reactions 

calculated with CCONE code, respectively. 

 Each formation fraction in Eq. (4.4) are defined as follows: 
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REA
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d RRR








   ,,               (4.5) 

where ABSd  , STRp , and STRn  denote the cross sections of deuteron 

absorption, proton stripping, and neutron stripping, which are calculated 

with the Glauber model and REA  is the total reaction cross section 

calculated with the optical model implemented in CCONE code. 

In the calculation of DDXs for (p,xp) and (n,xp) reactions with 

CCONE code, the incident energies of neutron and proton are fixed to half 

the deuteron incident energy. Strictly speaking, this approximation is not 

correct because either neutron or proton absorbed on stripping reaction has 

an energy distribution. However our preliminary calculation showed that 

there is not so much difference between the calculation results of the 

approximate case and those of the case where energy distribution is 

considered exactly [4.3]. We use this approximation for reduction of 

computation time for future cross section evaluation.  
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4.2 Input parameters of each calculation 

 In the calculation with the CDCC method and the Glauber model, 

the nucleon optical potentials (OPs) of target nucleus are necessary as 

input data. In the present work, we use Koning and Delaroche (KD) OPs 

[4.4] at half the incident deuteron energy both for proton and neutron.  

The input parameters in DWBA calculations are the same as those 

of “Adiabatic” options given in Table 3.1. Necessary spectroscopic factor 

(SF) value, )(, dik ES , at a certain incident energy Ed are given by Eqs. 

(3.2) and (3.3) in which ikF ,  is determined at E0 so that )( 0, ES ik is equal 

to the SF value extracted from DWBA analysis. The extracted SF values 

for each i-th state at E0 are listed in Table 4.1 for 12C, Table 4.2 for 27Al, 

and Table 4.3 for 58Ni, respectively. In addition, Fig. 4.2 to 4.4 show the 

results of DWBA analysis at E0 for 12C [4.5], 27Al[4.6], and 58Ni[4.7], 

respectively. 

The OPs used in the CCONE code are the global nucleon OPs of 

KD for proton and neutron and the adiabatic OP [4.8] for deuteron in a 

consistent way as in DWBA calculations. Default values in the CCONE 

code are used for other physical parameters such as level density 

parameters. 

 

4.3 Calculation results and discussion 

Figures 4.5 to 4.10 show comparisons between the calculated and 

experimental DDXs for (d,xp) reactions on 12C, 27Al, and 58Ni at 56 [4.9] 

and 100 MeV [4.10], respectively. The present calculations reproduce 

fairly well both the shape and magnitude of the experimental (d,xp) 

spectra over wide ranges of target mass number and incident energy at 

small angles.  
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The characteristic broad peak is formed at approximately half the 

incident energy by proton emission via elastic breakup and neutron 

stripping processes. These components are calculated with the Kalbach 

empirical formula [4.11] in TALYS code [4.12], while they are calculated 

using physics-based models in the present code system. This indicates that 

it is essential to choose theoretical models to describe adequately both the 

breakup and stripping processes characteristic of deuteron-induced 

reactions. In addition, the peaks observed in the high emission energy 

region corresponding to stripping reactions to bound states are also 

reproduced well by DWBA approach. Although some sharp peaks are seen 

in the continuum region, they might be due to hydrogen contamination as 

described in Ref. [4.10]. 

Next, we investigate the applicability of the code system at lower 

incident energies. The result of the 27Al (d,xp) reaction at 25.5 MeV [4.13] 

is presented in Fig. 4.11. Since relative contribution of the stripping 

reaction to bound states at low incident energies is larger than that at high 

incident energies, the peak structure observed in high emission energy 

region becomes more prominent than those in Figs. 4.5 to 4.10. Although 

the calculation overestimates the experimental data slightly in the 

continuum region at 30o, they reproduce well the experimental peak 

structure. 

 

4.4 Summary 

 The code system we developed was applied to analysis of 

double-differential cross sections (DDXs) for (d,xp) reactions instead of 

(d,xn) reactions. As the result of analysis, the calculation using the code 

system reproduced the measured DDXs for (d,xp) reactions on 12C, 27Al, 

and 58Ni at 25.5, 56, and 100MeV fairly well. The results demonstrate that 

the reaction models used in the present calculations are valid for DDXs for 

(d,xp) reactions and will be applicable to evaluation of DDXs for (d,xn) 

reactions necessary for engineering design of accelerator neutron sources. 



56 
 

 

 Table 4.1 List of spectroscopic factors for 12C(d,p)13C reactions 

 extracted from the present analysis at E0 = 56 MeV. 
 
 

i Eex [MeV] 
iJ  l SC-12,i 

1 0(g.s.) 


2

1  1 0.55 

2 3.089 


2

1  0 0.43 

3 3.684 


2

3  1 0.11 

4 3.854 


2

5  2 0.39 
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Table 4.2 Same as Table 4.1 but for 27Al(d,p)28Al reactions 

 at E0 = 6 MeV. 
 

i Eex [MeV] 
iJ  l SAl-27,i 

1 0(g.s.) 3+ 0, 2 0.52, 0.13 

2 0.031 2+ 0, 2 0.25, 0.06 

3 0.972 0+ 2 0.10 

4 1.014 3+ 0, 2 0.04, 0.24 

5 1.373 1+ 2 0.12 

6 1.620 1+ 0, 2 0.02, 0.19 

7 2.139 2+ 0, 2 0.18, 0.19 

8 2.201 1+ 2 0.22 

9 2.272 4+ 2 0.18 

10 2.486 2+ 0, 2 0.04, 0.06 

11 2.582 5+ 0, 2 0.01, 0.05 

12 2.656 4+ 2 0.22 

13 3.012 0+ 2 0.09 

14 3.105 1+ 2 0.08 

15 3.296 3+ 0, 2 0.02, 0.06 

16 3.347 2+ 0, 2 0.03, 0.03 

17 3.465 4- 1, 3 0.16, 0.25 

18 3.591 3- 1, 3 0.19, 0.28 

19 3.671 3+ 0, 2 0.01, 0.05 
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Table 4.2 (Continued.) 
 

i Eex[MeV] 
iJ  l SAl-27,i 

20 3.709 (2, 3)+ 0, 2 0.22*, 0.15* 

21 3.876 2- 1, 3 0.09, 0.12 

22 3.936 2+ 0, 2 0.02, 0.06 

23 4.033 5- 1, 3 0.01, 0.27 

24 4.115 1+ 2 0.07 

25 4.244 2+ 0, 2 0.05, 0.03 

26 4.313 (1, 3, 5)+ 2 0.15* 

27 4.462 (2, 4)+ 2 0.10* 

28 4.691 3- 1, 3 0.18, 0.04 

29 4.739 (0 - 5)+ 2 0.25* 

30 4.765 2- 1, 3 0.19, 0.09 

31 4.849 1+ 0, 2 0.01, 0.09 

32 4.904 2- 1, 3 0.14, 0.08 

33 4.999 2+ 0, 2 0.01, 0.13 

34 5.015 3+ 0, 2 0.01, 0.03 

35 5.135 3- 1, 3 0.12, 0.07 

 

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Table 4.3 Same as Table 4.1 but for 58Ni(d,p)59Ni reactions 

 at E0 = 56 MeV. 
 

i Eex[MeV] 
iJ  l SNi-58,i 

1 0(g.s.)  1 0.47 

2 0.341  3 0.84 

3 0.466  1 0.65 

4 0.880  1 0.06 

5 1.193  3 0.03 

6 1.307  1 0.37 

7 1.685  3 0.16 

8 1.953  3 0.02 

9 2.418  1 0.01 

10 2.633  3 0.02 

11 2.683  3 0.05 

12 3.060  4 0.13 

13 3.461  1 0.05 

14 3.544  2 0.07 

15 3.648  3 0.05 
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Table 4.3 (Continued.) 
 

i Eex[MeV] 
iJ  l SNi-58,i 

16 3.866 


2

3  1 0.05 

17 4.036 


2

3  1 0.04 

18 4.154 - 1 0.24* 

19 4.293 - 1 0.56* 

20 4.328 - 4 0.05* 

21 4.506 


2

5  2 0.11 

22 4.709 


2

9  4 0.01 

23 4.799 


2

5  2 0.14 

24 4.960 - 1 0.24* 

25 5.149 


2

1  0 0.08 

26 5.213 


2

1  2 0.06 

27 5.429 


2

9  4 0.07 

28 5.458 


2

5  2 0.01 

29 5.569 


2

1  0 0.04 

 

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Table 4.3 (Continued.) 
 

i Eex [MeV] 
iJ  l SNi-58,i 

30 5.692 


2

1  0 0.19 

31 5.894 


2

5  2 0.04 

32 6.206 


2

5  2 0.07 

33 6.305 


2

5  2 0.09 

34 6.375 - 0 0.28* 

35 7.353 - 2 0.84* 

 

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Fig. 4.1 Schematic figure of formation of three different compound nuclei. 
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Fig. 4.2 Calculated and experimental differential cross sections for 
12C(d,p)13C reactions at E0 = 56 MeV. 
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Fig. 4.3 Same as Fig. 4.2 but for 27Al(d,p)28Al reactions at E0 = 6 MeV. 
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Fig. 4.3 (Continued.) 
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Fig. 4.4 Same as Fig. 4.2 but for 58Ni(d,p)59Ni reactions at E0 = 56 MeV. 
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Fig. 4.4 (Continued.) 
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Fig. 4.5 Calculated and experimental double differential cross sections for 
12C(d,xp) reactions at 56 MeV.  

“H” denotes the effect of hydrogen contamination. 
  

H
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Fig. 4.6 Same as Fig. 4.5 but for 12C(d,xp) reactions at 100 MeV. 
 

  

H
H 

H H
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Fig. 4.7 Same as Fig. 4.5 but for 27Al(d,xp) reactions at 56 MeV. 
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Fig. 4.8 Same as Fig. 4.5 but for 27Al(d,xp) reactions at 100 MeV. 
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Fig. 4.9 Same as Fig. 4.5 but for 58Ni(d,xp) reactions at 56 MeV. 
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Fig. 4.10 Same as Fig. 4.5 but for 58Ni(d,xp) reactions at 100 MeV. 
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Fig. 4.11 Same as Fig. 4.5 but for 27Al(d,xp) reactions at 25.5 MeV. 
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Chapter 5  

Activation cross sections from (d, p) reactions  
 

For engineering design of deuteron accelerator neutron sources, it 

is also important to estimate production of radioactive nuclei. It is well 

known that for activation induced by (d,p) reactions, the stripping 

reactions to bounds states in the residual nuclei play an important role. In 

this chapter, we therefore apply the present code system to calculation of 

activation cross sections from (d,p) reactions on 27Al and 45Sc at incident 

energies from threshold to 50 MeV. 

 

5.1 Calculation method 

For the sake of convenience, the case of 27Al(d,p)28Al are described 

as an example in the following explanation. The cross section of 
45Sc(d,p)46Sc can also be calculated by exchanging “Al-28” for “Sc-46” in 

the equations. In the present code system, the production cross section of 
28Al (T1/2 = 2.2414 min) from (d,p) reactions are expressed as follows: 

SDSTR

28-Al28-Al28-Al                       (5.1) 

where STR

28-Al  and SD

28-Al  correspond to the production cross section of 

28Al for neutron stripping reaction and statistical decay, respectively. 

In the code system, all of the neutron stripping reactions to i-th 

bound state up to I0 are considered. Thus, neutron stripping reaction 

components are calculated by summation of angle-integrated DWBA 

differential cross sections up to I0 as follows: 

 




0
,

28Al

I

i

DWBA

iboundSTR d
d

d
                     (5.2) 

The contribution from statistical decay process is calculated using 
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the Glauber model [5.1] and CCONE code [5.2]. In general, as shown in 

Fig. 4.1, three different types of compound nuclei can be formed in the 

case of deuteron-induced reactions. However, since 28Al is not formed by 

proton absorption on 27Al, the SD

28Al at Ed is given by summation of two 

components: 

n

n

d

d

SD RR 28Al28Al28Al                      (5.3) 

where d

28Al , and n

28Al  are production cross sections of 28Al from 

deuteron and neutron-induced reactions calculated with the CCONE code, 

respectively; Rd , Rn are the formation fraction calculated by the Glauber 

model as described in Eq. (4.5).  

In the present code system, we use the Glauber model with 

trajectory modification [5.3] to calculate each formation fraction because 

the eikonal approximation in the Glauber model gets worse at low incident 

energies below 20 MeV. In Ref. [5.3], it is found that the Glauber model 

with trajectory modification reproduces experimental data of total reaction 

cross sections even at low incident energies. Thus, the trajectory 

modification has been implemented in the present code system for 

calculation of integrated cross sections based on Ref. [5.3].  

 

5.2 Input parameters of each calculation 

As in the calculation of double-differential cross sections for (d,xp) 

reactions, the optical potentials (OPs) used in the CCONE code are the 

global nucleon OPs of Koning and Delaroche (KD) [5.4] for proton and 

neutron and the adiabatic OP [5.5] for deuteron. Default values in the 

CCONE code are used for other physical parameters such as level density 

parameters. 

The input parameters in DWBA calculations are the same as those 

of “Adiabatic” options given in Table 3.1. Spectroscopic factor (SF) value, 
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)(, dik ES are given by Eqs. (3.2) and (3.3) in which ikF ,  is determined at 

E0 so that )( 0, ES ik is equal to the SF value extracted from DWBA analysis. 

For 27Al, the extracted SF values for each i-th state at E0 are previously 

listed in Table 4.2.  

For 45Sc, E0 = 12 MeV [5.6] and I0 = 140. The extracted SF values 

and the results of DWBA analysis for 45Sc are shown in Table 5.1 and Fig. 

5.1, respectively. It should be noted in Ref. [5.6] angular distribution of 

(d,p) reaction are shown for the 32 final states and only the maximum 

values of (d,p) differential cross sections max)/( dd are given for the 

other 108 states. Therefore, we extract the SF values for these 108 states 

by fitting the calculated DWBA cross section to experimental data only at 

the one angle where max)/( dd is given. 

 

5.3 Calculation results and discussion 

Figure 5.2 shows the comparison between the calculated and 

experimental production cross sections of 28Al from 27Al(d,p) reactions. 

The experimental data are taken from Ref. [5.7]. The sum of the statistical 

decay components SD

28Al  and the contribution from neutron stripping to 

bound states STR

28Al  reproduce the experimental data in the incident energy 

region below 20 MeV fairly well. Next, in Fig. 5.3, the calculation results 

of production cross sections of 46Sc from 45Sc(d,p) reactions are compared 

with the experimental data [5.8, 5.9]. As in the case of Fig. 5.2, the sum of 

the statistical decay components and the neutron stripping components 

reproduce the experimental data fairly well in the wide range of incident 

energy up to 50 MeV. 

As shown in Figs. 5.2 and 5.3, the components of stripping 
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reactions to bounds states in the residual nuclei have a large contribution 

in calculation of the activation cross sections from (d,p) reactions. These 

components are not considered in TALYS code [5.10], while they are 

calculated with DWBA approach using derived SF values in the present 

code system. 

Let us discuss the importance of SF values. Figs. 5.4 and 5.5 show 

the comparisons of calculation results using the different SF values. In 

“An-Cai SF” cases, the SF values extracted from “An-Cai” option DWBA 

analysis are used and the calculation results overestimate the experimental 

data. From these results, we can conclude that it is not appropriate to use 

the SF values derived from different analysis conditions. As in this work, 

we should extract the SF values directly from experimental data instead of 

using the SF values cited in the literatures if the conditions in DWBA 

calculations, such as OPs, are different. 

The results of Fig. 5.2 to 5.5 demonstrate that it is of importance to 

consider the stripping reaction to bound states appropriately, especially in 

the evaluation of deuteron-induced radioactivity. 

 

5.4 Summary 

The present code system was applied to analysis of production 

cross section of radioactive nuclei from (d,p) reactions. As a result of the 

analysis, the calculation using the code system reproduced the measured 

activation cross sections from (d,p) reactions on 27Al and 45Sc at incident 

energies from threshold to 50 MeV fairly well. The results confirm that the 

reaction models used in the present calculations are also valid for 

production cross section of residual nuclei from (d,p) reactions. 
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Table 5.1 List of spectroscopic factors for 45Sc(d,p)46Sc reactions 

 extracted from the present analysis at E0 = 12 MeV. 
 

i 
Eex 

[MeV] 


iJ

 

l SSc-45,i i 
Eex 

[MeV]

iJ  l SSc-45,i 

1 0(g.s.) 4+ 3 0.46 19 1.770 (2,3,4)+ 1 0.09* 

2 0.049 6+ 3 0.76 20 1.804 (2,3)+ 1 0.52* 

3 0.227 3+ 3 0.60 21 1.852 1+ 1 0.01 

4 0.280 5+ 1, 3 0.04, 0.04 22 1.885 3+ 3 0.13 

5 0.446 2+ 3 0.38 23 2.073 3+ 1 0.13 

6 0.773 5+ 3 0.31 24 2.117 3+ 1 0.14 

7 0.835 4+ 3 0.30 25 2.210 - 3 0.19* 

8 0.978 7+ 3 0.28 26 2.225 2+ 1 0.06 

9 1.006 1+ 3 0.31 27 2.307 (2,3,4)+ 1 0.26* 

10 1.092 4+ 1 0.02 28 2.332 - 1 4.63* 

11 1.131 4+ 0 0.003 29 2.371 - 1 0.09* 

12 1.142 - 0 0.03* 30 2.415 3+ 1 0.11 

13 1.325 3+ 3 0.08 31 2.455 3+ 1 0.20 

14 1.397 2+ 1 0.01 32 2.534 4+ 1 0.07 

15 1.438 - 0 0.01* 33 2.565 (3,4)+ 1 1.06* 

16 1.648 4- 0 0.01 34 2.592 (3,4)+ 2 0.22* 

17 1.676 - 1 0.30* 35 2.650 (2,3,4)+ 2 0.17* 

18 1.753 - 3 0.75* 36 2.672 3+ 1 0.01 

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Table 5.1 (Continued.) 
 

i 
Eex 

[MeV] 

iJ  l SSc-45,i i 

Eex 

[MeV]

iJ  l SSc-45,i 

37 2.714 2+ 1 0.35 55 3.450 (2,3,4)+ 1 0.58* 

38 2.760 - 1 0.06* 56 3.481 (2,3,4)+ 1 0.57* 

39 2.785 (3,4)- 0 0.14* 57 3.512 - 1 0.55 

40 2.815 1+ 1 0.14 58 3.538 (2,3,4)+ 1 0.58* 

41 2.841 (2,3,4)+ 1 0.06* 59 3.615 (3,4,5)+ 1 0.87* 

42 2.863 2+ 1 0.38 60 3.661 4+ 1 0.02 

43 2.898 - 1 0.24* 61 3.696 (2,3,4)+ 1 0.21* 

44 2.942 - 0 0.06* 62 3.722 - 1 0.05* 

45 2.980 (3,4)+ 1 1.23* 63 3.770 3+ 1 0.13 

46 3.033 - 1 0.58* 64 3.790 4+ 1 0.02 

47 3.063 - 1 0.88* 65 3.818 - 1 0.25* 

48 3.090 (2,3,4)+ 1 0.54* 66 3.837 (3,4)+ 1 0.05* 

49 3.143 (3,4)- 0 0.03* 67 3.877 (3,4)+ 1 0.35* 

50 3.184 4+ 1 0.16 68 3.936 - 1 0.16* 

51 3.243 (0,1)+ 1 1.21* 69 3.961 - 1 0.04* 

52 3.323 - 1 0.32* 70 3.983 - 1 0.06* 

53 3.394 (2,3,4)+ 1 0.91* 71 4.008 - 1 0.21* 

54 3.422 3+ 1 0.13 72 4.029 - 1 0.07* 

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Table 5.1 (Continued.) 
 

i 
Eex 

[MeV] 

iJ  l SSc-45,i 

 
i 

Eex 

[MeV]

iJ l SSc-45,i 

73 4.068 - 1 0.06* 91 4.846 - 1 1.19* 

74 4.088 - 1 0.74*  92 4.896 - 1 0.70* 

75 4.153 (0,1)- 2 0.78*  93 4.927 - 2 1.14* 

76 4.229 - 3 1.37*  94 4.956 - 1 0.42* 

77 4.288 - 1 0.15*  95 5.010 - 1 0.49* 

78 4.311 - 1 0.14*  96 5.045 - 1 0.21* 

79 4.350 - 3 0.25*  97 5.075 - 1, 3 0.33*, 5.89*

80 4.381 - 1 1.01*  98 5.113 - 1 0.55* 

81 4.470 - 1 0.58*  99 5.149 - 0 0.18* 

82 4.498 - 1 0.53*  100 5.165 - 1 0.63* 

83 4.518 - 1 0.46*  101 5.192 - 1 0.99* 

84 4.575 - 1 0.20*  102 5.250 - 3 0.50* 

85 4.616 - 1 0.47*  103 5.344 - 0 0.13* 

86 4.649 - 1 0.10*  104 5.404 - 1 0.93* 

87 4.666 - 1 0.30*  105 5.427 - 1 0.63* 

88 4.689 - 1 0.59*  106 5.445 - 1 0.16* 

89 4.755 - 1 0.69*  107 5.491 - 3 0.39* 

90 4.794 - 0 0.10*  108 5.514 - 1 0.41* 

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Table 5.1 (Continued.) 
 

i 
Eex 

[MeV] 

iJ l SSc-45,i i 

Eex 

[MeV]

iJ  l SSc-45,i 

109 5.563 - 0 0.14* 127 6.191 - 3 3.00* 

110 5.595 - 1 0.41* 128 6.276 - 1 0.17* 

111 5.620 - 1 0.32* 129 6.295 - 3 1.41* 

112 5.659 - 1 0.67* 130 6.362 - 1 0.07* 

113 5.753 - 3 0.67* 131 6.380 - 1 0.04* 

114 5.772 - 1 0.11* 132 6.405 - 3 1.74* 

115 5.814 - 1 0.20* 133 6.429 - 1 0.17* 

116 5.837 - 1 0.23* 134 6.454 - 1 0.06* 

117 5.878 - 1 0.13* 135 6.469 - 1 0.12* 

118 5.928 - 1 0.15* 136 6.497 - 1 0.04* 

119 5.979 - 1 0.08* 137 6.525 - 1 0.06* 

120 6.004 - 1 0.21* 138 6.549 - 1 0.11* 

121 6.037 - 1, 3 0.08*, 2.1* 139 6.612 - 1 0.15* 

122 6.061 - 1 0.13* 140 6.650 - 1 0.13* 

123 6.083 - 1 0.12*      

124 6.110 - 1 0.10*      

125 6.145 - 1 0.15*      

126 6.159 - 1 0.22*     

* The value of ( 12 iJ )Si is presented since iJ  is not assigned. 
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Fig. 5.1 Calculated and experimental differential cross sections for 
45Sc(d,p)46Sc reactions at E0 = 12 MeV. 
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Fig. 5.1 (Continued.) 
  



87 
 

 

Fig. 5.2 Production cross sections of 28Al from 27Al(d,p) reactions. 
 

 

 

Fig. 5.3 Production cross sections of 46Sc from 45Sc(d,p) reactions. 
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Fig. 5.4 Production cross sections of 28Al from 27Al(d,p) reactions 
using SF values extracted from “An-Cai” option. 

 

 

Fig. 5.5 Production cross sections of 46Sc from 45Sc(d,p) reactions 
using SF values extracted from “An-Cai” option. 
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Chapter 6 

Summary and future works 
 

6.1 Summary of this work 

In recent years, intensive neutron sources using deuteron accelerator 

have been proposed for various neutron beam applications such as 

irradiation testing of fusion reactor materials, production of radioisotopes 

for medical use, and so on. For development and detailed design of such 

accelerator-driven neutron sources, accurate and comprehensive nuclear 

data of deuteron-induced reactions are indispensable as fundamental data. 

Currently, available deuteron nuclear data can be found in TENDL 

(TALYS-based evaluated nuclear data library), which has been developed 

by compiling the output of the TALYS code. However, TALYS code is not 

necessarily adequate for calculation of deuteron-induced reactions. Under 

these situations, we have started to develop a reliable calculation method 

for deuteron-induced reactions and an integrated code system based on it 

for development of new deuteron nuclear data. 

In Chapter 2, brief explanations about the integrated code system 

we developed and the theoretical models used in it were provided. In the 

code system, elastic breakup and stripping reactions to continuum are 

calculated using the codes based on the Continuum-Discretized 

Coupled-Channels theory (CDCC) and the Glauber model, respectively. In 

addition, the DWUCK4, which is the computational code based on a 

conventional zero-range distorted wave Born approximation (DWBA) is 

used to calculate stripping reaction to bound states in the residual nuclei. 

Finally, statistical decay component from compound nuclei are calculated 

using the Hauser-Feshbach and exciton models implemented in CCONE 

code. 

In Chapter 3, systematic investigation of spectroscopic factor (SF) 
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which is necessary to determine the absolute values of DWBA calculations 

were performed. SFs for the (d,p) reactions on 12C, 27Al, 40Ca, and 58Ni for 

incident deuteron energies up to 100 MeV were extracted systematically 

by fitting theoretical DWBA calculations to the exiting experimental data. 

As the results of the DWBA analysis, it was shown that the absolute value 

of SF depends strongly on deuteron optical potentials used in DWBA 

calculation. In addition, the extracted SFs showed similar incident energy 

dependence among all the target nuclei. Finally, an empirical expression 

describing the energy dependence was deduced. 

In Chapter 4, the present code system was applied to analysis of 

double-differential cross sections (DDXs) for (d,xp) reactions. As the 

result of analysis, the calculation using the code system reproduced 

measured DDXs for (d,xp) reactions on 12C, 27Al, and 58Ni at 25.5, 56, and 

100MeV fairly well. 

In Chapter 5, the present code system was also applied to analysis 

of production cross section of radioactive nuclei from (d,p) reactions. As 

the result of analysis, the calculation using the code system reproduced 

measured production cross sections of 28Al and 46Sc at incident energies 

from threshold to 50 MeV fairly well.  

The results of Chapters 4 and 5 demonstrate the applicability of the 

code system to the proton emission reaction induced by deuteron. 

 

6.2 Future works 

In this work, the code system we developed for the proton 

emission reaction induced by deuteron was validated. In addition, it was 

found that the neutron SFs extracted from the present DWBA analysis 

show similar incident energy dependence regardless of the target nucleus. 

For deuteron nuclear data evaluation, scaling factor Fk,i, which determine 

the absolute value of SF should be obtained corresponding to the various 

target nuclei k and their excited states i. Therefore, we need to establish a 

theoretical or phenomenological method to describe Fk,i comprehensively. 
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Further analysis will be necessary for other quantities such as 

DDXs of (d,xn) reactions. Since available experimental DDXs of (d,xn) 

data are very limited, however, the analysis of measured thick target 

neutron yields (TTYs) would be useful for validation of the code system. 

Systematic analysis of TTY data will also be favorable from the other 

point of view. Available experimental data of differential cross section of 

(d,n) reactions are also limited. Therefore, it is difficult to extract proton 

SFs and to investigate its energy dependence. If experimental (d,n) data 

are not enough, we cannot help assuming the same energy dependence of 

proton SFs for (d,n) reactions as that of neutron SFs extracted in the 

present work. In such the cases, analysis of TTYs data will be useful for 

validation of energy dependence of SFs because neutron emission spectra 

at energies from incident deuteron energy to zero are required in the 

calculation of TTYs. 
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