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The(d, p) stripping reaction has proved a useful tool for probing single particle aspects of nuclear structure.
With the advent of beams of exotic nuclei there has been renewed interest in charged particle spectroscopy and
(d,p) stripping in particular as a means of investigating the structure of neutron-rich nuclei via reactions in
inverse kinematics. The distorted wave Born approximation was shown to be inappropriate for the analysis of
(d,p) reactions some 30 years ago, due to the importance of the deuteron breakup channel. While the simple
adiabatic model has been demonstrated to work rather well in this context, modern computing facilities enable
a more realistic treatment of the deuteron breakup process via the continuum discretized coupled channels
procedure to be included ifd, p) calculations. In this work we present a comprehensive analysis method for
(d,p) reactions using CDCC to model deuteron breakup and the Reid soft-core nucleon-nucleon potential to
calculate the deuteron internal wave function. The model is tested ag&d{st p) data at incident deuteron
energies of 15 and 30 MeV where all the necessary ancillary data are available. It is then applied to the
19Be(d, p) reaction at 12 and 25 MeV where only the transfer cross section data are available.
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[. INTRODUCTION model description of the breakup contribution to stripping is
systematically too small compared to the more accurate cal-

The (d,p) stripping reaction has long been used as ulations

means of probing the single particle structure of nuclei. In" \1ost of these calculations used a simplifiedp potential
particular, through distorted wave Born approximationof Gaussian form, an exception being those of Rawitscher
(DWBA) analyses it has been used to determine the orb!tgénd Mukherjee[5] which used the Reid soft-core potential
angular momentum and spectroscopic factors of specifig1 g although Yahircet al. [6] found that the use of a soft-
states in the recoil nucleus. However, DWBA calculationsqqre potential had little effect on the results for elastic scat-
are often unable to fit the data without the use of a lowekering and breakup. Nevertheless, in the context of a compre-
radial cutoff or similar rather arbitrary devices. It was dem'hensive(d,p) stripping calculation the explicit inclusion of
onstrated some 30 years ago that deuteron breakup effegjgy p_state component of the deuteron ground state is desir-

have an important influence on tli, p) stripping reaction  jpje as it has been found to have a significant effect on the
(see, e.g., Ref$l-4)) that explains thesad hocadjustments (4 ) cross section when the orbital angular momentum of

to the DWBA. The adiabatic model of Johnson and Sopegne transferred neutron is sufficiently large=3 [11]. The
[1,2], which includes deuteron breakup effects in an approXiincysion of the D-state is essential for the description of the
mate way through a redefinition of the “deuteron” distorted;qngqr analyzing powersl,,, regardless of transferred
wave, provides considerably improved agreement ¥dtIp) value[12-15. a

data for a wide range of targets and deuteron energies in the preyious calculations ofd, p) stripping using the CDCC
range 20-55 MeV compared with conventional DWBA, method to model deuteron breakup have included other ap-
without the need for radial cutoffs or similar devices. proximations (simplified n—p potential, use of zero-range
Although the adiabatic model has proved remarkably suctcga with finite-range correction While these approxima-
cessful it does contain a number of S|mpl|fy|ng.as_sumonnstiOns are expected to work well in most circumstances, a
most notably the neglect of the deuteron excitation energyy,y comprehensive calculation that includes all effects on
More accurate treatments of deuteron breakup using the Cofie’same footing is desirable. Such a calculation is particu-
tinuum discretized coupled channéBDCC) approach have |y timely with the current renewed interest in the use of

been developed, see, e.g., R¢fs-7] and the review article 4 1) reactions as spectroscopic tools for radioactive nuclei
of Austernet al. [8]. These calculations were able to provide by means of reactions in inverse kinematics

very good descriptions of deuteron elastic scattering angular In this work we present a method that brings together the

distributions, and showed that the adiabatic approximation, i, s elements into a single comprehensive calculation that

compares very well with the more accurate calculations forem lovs CDCC to model deuteron breakup. the full finite-
the elastic channel. However, the CDCC method has als POy P,

been used to model the effect of deuteron breakup withi Pange coupled reaction channe®RC) method for the trans-

Rer component and the Reid soft-core nucleon-nucleon po-
coupled channels Born approximati68CBA) calculations P P

S : . . tential to calculate then—p wave functions. Two-step
for deuteron stripping8, 9], which showed that the adiabatic transfer paths proceeding via excited states of the target

nucleus are also included in a natural way. The method is
first applied to data for thé“C(d, p)*°C reaction at incident
*Electronic address: nkeeley@cea.fr deuteron energies of 15 and 30 MeV where appropriate
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TABLE I. Optical model parameters fgr+12C, n+1%C andp+*3C obtained by fitting the data of Sydost al.[26], McDanielet al.[29],
and Welleret al. [24] at incident nucleon energies of 7.5, 7.48, and 16.75 MeV, respectively. The real parts of the potentials are of volume
Woods-Saxon form, while the imaginary parts are of Woods-Saxon derivative form.

\% ry ay Wp o ap Vso I'so aso rc
p+12C 52.91 1.138 0.6346 1.72 1.13 0.5462 1.13
n+12C 97.0 1.4 0.37 15.0 1.19 0.4
p+13C 65.22 1.106 0.613 4.01 1.144 1.096 4.98 0.956 0.616 1.25

+12C elastic and inelastic anpl+'°C elastic scattering data adequate for the present case. Through the use of the Reid
are available. We then analyze transfer data for thepotential the model includes couplings between different
19Be(d, p)*'Be reaction at incident deuteron energies of 12n—p relative angular momentum values as well as the
and 25 MeV as an example of its application to data for acontinuum-continuum couplings between different bins.
radioactive nucleus. The deuteron model requirgsand p+1C potentials at
Section |1 describes the method in detail and its applical@!f the incident deuteron energy, i.e., 7.5 and 15 MeV for
tion to the 2C(d,p)°C data. The results for the the calculations at 15 and 30 MeV, respectively. Three dif-
ferent sets of potentials were used, viz. empirical optical
model potentials obtained by fitting the appropriatand p
§12¢C elastic scattering data, potentials calculated using the
global parametrization of Watsagt al. [32] for nucleon scat-
tering from Ip-shell nuclei, and potentials calculated using
this work have an imaginary potential normalization factor
As a test of the procedure it was first applied to data forn=0.8, as used by Petlet al.[37] in their analysis of proton
the *2C(d, p)*3C stripping reaction at incident deuteron ener-scattering from light targets. The empirical optical potentials
gies of 15[16,17 and 30 MeV[18]. Data are available for were of Woods-Saxon form for the real part and Woods-
d+12C elastic scattering at 18.9] and 29.5 MeV[20] and  Saxon derivative for the imaginary part. The parameters for
for inelastic scattering to the 4.44 Me¥C 2* state at 15 an incident nucleon energy of 7.5 MeV are given in Table I.
[21] and 28 MeV[22,23. Suitablep+13C elastic scattering For an incident nucleon energy of 15 MeV tipe-°C
data for the exit channel are also available at incident protoparameters were those of Nodwek al. [38] and then+12C
energies of 16.7924] and 30.4 MeV[25]. Finally, as the parameters were those of Spaargaren and Jdi@gr both
deuteron breakup model requires neutron and proton pluglinus the spin-orbit part. Th&C density used to calculate
target potentials at half the incident deuteron energy, it wouldhe JLM potentials was the two-parameter Fermi function of
be desirable to have the appropriate nucleon elastic scatteririg-Azab Farid and SatchlgB9]. The spin-orbit parts of the
data. Such data are available f@+!?C at 7.5 [26], JLM and Watsoret al. potentials were also omitted, as the
7.55 MeV [27], 14.7 and 15.2 Me\[28] and forn+%°C at  folding procedure used does not currently incorporate non-
7.48 [29] and 15 MeV[30]. Thus this system provides a central components of the nucleon-target potentials. This
severe test of the model, as all the inputs may be testedmission has a negligible effect on the cross sections.
against appropriate data. All calculations described below Excitation of the*C 4.44 MeV 2 and 9.64 MeV 3
were carried out using the cod®EScq version FRXY.1h states was included by deforming the bare Watanabe poten-
[31]. tial in the usual manner. Values fdB(E2;0"—2*) and
The calculations employed the CDCC method to modeB(E3;0"— 37) were taken from Ramaet al. [40] and Spear
deuteron breakup and the post form of the CRC formalisnj41], respectively. Nuclear deformation lengths were ex-
for the neutron transfer component. The CDCC part of theracted from theB(E2 ;0" — 2*) and B(E3;0"— 37) values
calculations was similar to that described in Rawitscher anéissuming the collective model and &C radius of 1.2
Mukherjee[5] and Yahiroet al.[6]. Then—p wave functions  x 1213 fm.
were calculated using the Reid soft-core potertld]. Fol- The transfer component of the calculations was imple-
lowing the work of Yahiroet al. [6] the n—p relative orbital mented in the conventional manner, using the post form of
angular momentum was limited =0, 2, itbeing found that  the CRC formalism. The full complex remnant term and non-
contributions from¢=1,3, and 4were negligible. Then—p  orthogonality correction were included. Thep binding po-
continuum was discretized in—p relative momentumk)  tential was again the Reid soft core, with the D-state compo-
space into bins of width\k=0.125 fni?, again following  nent explicitly included. Tha+2C binding potentials were
Yahiro et al. [6]. The continuum was truncated at values of of Woods-Saxon form with a radius parameter of 1.25
Kmax=0.5 frit and ky,,,=0.625 fn! for incident deuteron x 123 fm and diffuseness 0.65 fm, the depths being ad-
energies of 15 and 30 MeV, respectively. Yahebal. [6] justed to give the correct binding energy.
found that &k, Of 1.5 fmi't was necessary for convergence  Three different sets op+3C optical potentials for the
for the d+8Ni system at an incident deuteron energy ofexit channel were also used: empirical, Watszinal. [32]
80 MeV. However, we found that the smaller values wereand JLM, and were employed with the corresponding

10Be(d, p)*'Be reaction are presented in Sec. Ill. In Sec. IV
we present our conclusions and indicate directions for futur
work.
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TABLE Il. Spectroscopic factors for th#C/13C overlap, taken a)

from Vinh Mau [43]. The left-hand column denotes tAéC core 10°¢ —— Empirical
spin and thef,j quantum numbers of the transferred neutron. ———Jw
e \Natson et al.

1- 1+ 5+
21 21 21 %‘

i 8 10%1
09| 0.791 0.957 0.867 c
2@5s, 0.179 a
2@ P32 0.602 %
2®ds 0.291 0.300 S Lol
3® P2 0.140
3® p3/2 _0326
3®dg), 0.111

nucleon #2C potentials for the sake of consistency. The em-
pirical potential parameters for the calculation at an incident
deuteron energy of 15 MeV were obtained by fitting the data
of Weller et al. [24] and are given in Table I. For the calcu-
lations at an incident deuteron energy of 30 MeV parameter
setB of Greaveset al. [25] was used. The JLM potentials
were calculated using two-parameter Fermi functions for the
13C neutron and proton matter densities adjusted to have
root-mean-square radii in agreement with those given in
Satchler and Lov§42]. All p+1°C optical potentials retained
the spin-orbit term.

Two-step transfer paths via the 4.44 MeV' 2and
9.64 MeV 3 states of*C were also included in the calcu- o L i .
lations. Spectroscopic amplitudedC?S, whereSis the spec- 0 50 100 150
troscopic factor and is the isospin Clebsch-Gordan coeffi- 6, (deg)
cient, equal to 1.0 heyavere taken from the calculations of o
Vinh Mau [43]. For ease of reference the values are given in  FIG. 1. Optical model predictions compared to datager:2C
Table II. (@ andn+'C (b) elastic scattering at 7.5 MeV. The+1?C data

Transfers leading to the 0.0 MeV 1},23.09 MeV 1/2, are from Sydowet al. [26] (filled circles and Moss and Haeberli
and 3.85 MeV 5/2 states of'3C were included in the cal- [27] (open circleswhile the neutron data are from McDani al.
culations. [29].

Before comparing the results of the calculations with the
d+12C elastic and inelastic scattering att@(d, p)'°C trans-  surprising, as the incident energy is rather lower than their
fer data we present the predicted angular distributions tostrict range of validity. The JLM predictions of Petlet al.
gether with the data forp,n+1?C elastic scattering at [37] are of similar quality at comparable incident energies.
7.5 MeV (Fig. 1) and 15 MeV (Fig. 2) and p+13C elastic ~The 7.5 MeVn+1?C data were difficult to describe satisfac-
scattering at 16.75 Me\[Fig. 3a)] and 30.4 MeV[Fig. torily even with an adjusted empirical optical potential. For
3(b)]. the higher incident energies the agreement is much better, as

One may note that in general the nucleon scattering datanight be expected. Overall, the JLM potentials provide a
at 7.5 MeV are not well described by either the Watsbal.  rather better description of the nucleon scattering data than
[32] or the JLM potentials. Tests revealed that this is not dughe global parameters of Watsen al. [32].
to the omission of their respective spin-orbit components, as Calculations using the empirical and JLM potentials are
their addition produced only minor changes to the predicted¢ompared to thel+°C elastic and inelastic scattering and
angular distributions. The 16.75 Mep'+3C data are also *°C(d,p)'3C data for an incident deuteron energy of 15 MeV
rather poorly described by the Watsenal. and JLM poten- in Figs. 4 and 5. Calculations using the Watssnal. [32]
tials, with the Watsoret al. potential providing a somewhat potentials give similar results to those using the JLM poten-
better match to the data than the JLM potential. tials.

By contrast, the nucleon scattering data at 15 MeV are In each case the depths of the real and imaginary parts of
rather well described by both Watset al. and JLM poten- the bare Watanabe+*°C potentials were adjusted in order
tials, with the latter giving the better description of the two.to obtain reasonable agreement with the measuretfC
This is also true of the 30.4 Mey+13C data, although the elastic scattering angular distribution for the calculations in-
agreement between the Watsatral. potential prediction and cluding all the couplings. Normalization factoidz=1.0,
the data is much poorer. N,=0.7; Nr=1.0, N,=0.6; andNz=1.0, N;=0.6 were em-

The poor agreement between the Watsoral. and JLM  ployed for the calculations using the empirical, Watsoml.
potential predictions and the data at the lower energies is ng82] and JLM potentials, respectively. All calculations in-
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FIG. 3. Optical model predictions compared to datager3C
elastic scattering at 16.75 Melé) and 30.4 MeV(b). The data are
from Weller et al. [24] and Greavegt al. [25], respectively.

FIG. 2. Optical model predictions compared to datager2C
(a) andn+12C (b) elastic scattering at 15 MeV. Thet 12C data are
from Peelleet al. [28] for proton energies of 14.7 Me\filled
circles and 15.2 MeV(open circley while the neutron data are

from Spaargaren and Jonki&0]. for these components given in Table I. There is also a rea-

sonable agreement on the role of transfer proceeding by the
cluded couplings to the 4.44 MeV 2and 9.64 MeV 3 states  '°C 4.44 MeV 2 state, although the details are somewhat
of 12C and part of the renormalization factors can be putdependent on the choice of input optical potentials. All the
down to this fact, as the effects of inelastic excitation of thecalculations agree that this process is only of significance for
12C target are already included in the model in a broad sensgansfer to the 0.0 MeV 1/2state of*3C, although the cal-
via then,p+*%C optical potentials. culations using the Watsoet al. [32] and JLM potentials

Agreement with the elastic scattering data is rather goodassign a greater importance to it than those using the empiri-
that of the calculations using the empiricalp+1%C optical  cal potentials. The contribution of this transfer path to the
potentials being comparable with the optical model fit of3.09 MeV 1/2 and 3.85 MeV 5/2 states of'3C is negli-
Buschet al. [19]. Agreement with the inelastic scattering gible for the calculations using the empirical and JLM po-
data to the 4.44 MeV 2state of'“C is less good, the calcu- tentials and small, but noticeable, for transfer to the*1/2
lations being consistently smaller than the data. The prestate for those using the Watsenal. potentials.
dicted inelastic cross sections were found to be rather sensi- Considered globally, we find that the results for transfer to
tive to the imaginary depth of the bare Watanabe!®C  the 3.09 MeV 1/2 state are essentially insensitive to the
potentials, and an increase of the nuclear deformation lengtimput optical potentials, while those for transfer to the
would also lead to an increase in the predicted inelastic cros3.0 MeV 1/2 and 3.85 MeV 5/2 states are rather more
section. However, we have chosen not to optimize the fit tsensitive, particularly with regard to the magnitude of the
the 2" inelastic data as the transfer results are rather insensierward angle cross sections. Given that the predicted for-
tive to it, and we wished to keep the excitation of #3€ 2 ward angle transfer cross sections are unaffected by the ad-
state on the same footing as that for thesBate, for which  dition of the two-step transfer paths, the calculations using
data are unavailable. the empirical optical potentials suggest that th&( spec-

All the calculations agree on the negligible role played bytroscopic amplitudes of Vinh Maj#3] for the 0.0 MeV 1/2
transfer proceeding via the 9.64 MeV 8tate of'’C. Thisis  and 3.85 MeV 5/2 states of-3C are too small. However, the
understandable in view of the small spectroscopic amplitudeforward angle cross sections for these states predicted by the
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FIG. 4. Results of CDCC/CRC

© 100 000 calculations at 15 MeV incident
ey S~ . ..
© © deuteron energy using empirical
@, (b) and JLM (), (d) p,n
1 1 +12C and p+13C potentials com-
107 1071

pared tod+12C elastic and inelas-
tic scattering data. The elastic
scattering dataa), (c) are from
Buschet al. [19] and the data for
inelastic  scattering to the
4.44 MeV 2 state of'%C (b), (d)
from Haffner [21]. The solid,
dashed, and dotted curves denote
the results of the full calculation,
the calculation omitting transfers
via the 9.64 MeV 3 state of'’C,
and the calculation omitting trans-
fers via both the 9.64 MeV3and
4.44 MeV Zstates, respectively.

0 50 100 150 0 50 100 150

ec.m. (deg) ec.m. (deg)
calculations using the Watsat al. and JLM potentials sug- 15 MeV. The agreement with the inelastic scattering data is
gest that they are only slightly too small. notably better than at 15 MeV, although the calculations

To summarize, consistent values for the forward angleagain consistently underestimate the data, particularly at the
cross sections are obtained from all the calculations for trandarger angles. The same comments regarding the sensitivity
fer to the 3.09 MeV 1/2 state of'3C, while for transfers to to the imaginary part of the bare Watanabe potential and
the 0.0 MeV 1/2 and 3.85 MeV 5/2 states the calculations increasing the nuclear deformation length as made for the
using the Watsoet al. [32] and JLM potentials give consis- calculations at 15 MeV also apply here.
tent values while the calculation using the empirical poten- One may draw similar conclusions regarding the impor-
tials gives rather smaller values. A test calculation using th@ance of the two-step transfer processes as for the calcula-
JLM potentials to calculate thé+'°C potential in the en- tions at 15 MeV. Transfer proceeding via the 9.64 MeV 3

trance channel but with the empirigak 1*C potential in the  state of'C is again negligible, while that via the 4.44 MeV
exit channel found that the predicted angular distribution fory+ gtate is only of significance for transfer leading to the

transfer to the 5/2state was unaffected while that for trans- 0.0 MeV 1/Z state of'3C. There is a slightly greater effect

fer to the 1/2 state was only affected at angles greater than,,, paths proceeding via tH&C 2* state for transfers lead-

the first peak of the angular distribution. . ing to the 3.09 MeV 1/2 and 3.85 MeV 5/2 than at
Calculations using the empirical and JLM potentials are

compared to thel+12C elastic and inelastic scattering and 15 MeV, but it is still small compared to the direct transfer
12C(d, p)iC transfer data for an incident deuteron energy 0fcontrlbutlon, as might be expected from the spectroscopic

30 MeV in Figs. 6 and 7. Calculations using the Watsin amgl\l/gjro;ﬁs 3|;\<lae¥ilnlgs-rarb£ttle.r consistency between the calcu-
al. [32] potentials give similar results to those using the JLM ! 9 y

potentials. lations using different input potentials at 30 MeV than one
The calculations were similar to those at 15 MeV incidentdo€s at 15 MeV. All the calculati.ons give consistent values
deuteron energy. The depths of the real and imaginary parf' the forward angle cross sections for all three states, al-
of the bare Watanabé+12C potentials were again adjusted though the details of the angular distributions show slight
in order to obtain reasonable agreement with the measuregriations with input potential. This may indicate that for the
d+12C elastic scattering angular distribution for the calcula-higher energy the transfer cross sections are less sensitive to
tions including all the couplings. Normalization factddg  the details of the potentials used, or it may be merely indica-
=0.9, N;=0.7; Ng=1.0, N,=0.5; andNz=1.0, N,=0.7 were tive of the fact that the three sets of potentials predict similar
employed for the calculations using the empirical, Watsbn p,n+*2C and p+*3C angular distributiongsee Figs. 2 and
al. [32] and JLM potentials, respectively. 3).
Agreement with thel+12C elastic scattering data is good  The spectroscopic amplitudes of Vinh Mp4B] provide a
for all three calculations, somewhat better than that ateasonably good description of transfer to the 0.0 MeV™1/2

064604-5



N. KEELEY, N. ALAMANQOS, AND V. LAPOUX PHYSICAL REVIEW C 69, 064604(2004

- E,=0.0 MeV, 1/2” E,=3.09 MeV, 112" E.=3.85MeV, 5:2' of 12 and 25 MeV as an example of its application to radio-
___________ No "0(2"3) active nuclei.
_ +1ZC(2i)
— + @)

lll. CALCULATIONS FOR THE 1%Be(d,p)!'Be SYSTEM

The structure of thé'Be nucleus provides a particularly
interesting field of study, as in addition to being the arche-
type of a one neutron halo nucle#4] it also exhibits a
ground state spin-parity of 172rather than the 1/2pre-
dicted by the standard ordering of the shell model single
particle levels. Various models dfBe indicate a more or
less important contribution from coupling of the single va-
lence neutron to thej2excited state of the deformedBe
core in order to reproduce the observE@e ground state
spin-parity; Winfieldet al. [45] provide a useful summary of
the relative contributions of th#Be 0] and Z states to the
1Be ground state predicted by many of these models. Values
for the Z contribution range from about 10% to about 40%;
the majority of the calculations agree on a value of about
20%. While theoretical studies have concentrated on the
ground state, it is also of interest to investigate the impor-
tance of coupling the valence neutron to #iBe 2] state for
the excited states dfBe. ThelBe(d, p) reaction provides a
useful tool for such a study.

10 20 700 750 6 S0 100 %0 0 50 oo %o Data for the'%Be(d, p)}'Be reaction are available at inci-

0,, (deg) dent deuteron energies of 12 MeV for transfers leading to the
0.0 MeV 1/Z and the 0.32 MeV 1/2states of''Be [46]

FIG. 5. Results of CDCC/CRC calculations at 15 MeV incidentand 25 MeV for transfer to the 121/2; and 1.78 MeV
deuteron energy using empiricalipper panelsand JLM (lower ~ 5/2] states[47]. While the 5/2 assignment for the-'Be
panel3 p,n+'C and p+'C potentials compared to the 1.78 MeV state is not definitivg48], only the £=2 value
12c(d, p)**C transfer data of Dardeet al. [16] (filled circles and  being determined experimentall#7], we have followed the
Hosonoet al. [17] (open circles The solid, dashed, and dotted majority of structure calculations in assigning it this value.
curves denote the results of the full calculation, the calculation Unfortunately, nucleon 1Be elastic scattering data do
omitting transfers via the 9.64 MeV 3tate of'“C, and the calcu- not exist at suitable energies for calculations at 12 MeV.
lation omitting transfers via both the 9.64 MeV and 4.44 MeV However,p+ 1OBe data exist at incident proton energies of 12
2’states, respectively. and 13 MeV[46], suitable for the calculations at an incident

deuteron energy of 25 MeV. Data fpr1'Be elastic scatter-
and 3.09 MeV 1/2 states of'3C. However, although the ing are also not available at suitable energies. Deuteron
magnitude of the forward angle cross section for transfer ta-'°Be elastic scattering data over a very limited angular
the 3.85 MeV 5/2 state is better reproduced than atrange are available at 12 MeM6], there being none avail-
15 MeV, the shape of the angular distribution is ratherable for an incident energy of 25 MeV. No data fdr
poorly described, all three calculations considerably overpre+1%Be inelastic scattering exist. Thus, for tHBe(d, p)*'Be
dicting the cross section for angles greater than about 25° ipalculations the necessary input potentials must be provided
the center of mass frame. by global systematics or calculations based on effective in-

To summarize, our method is able to describe rather welteractions such as the JLM.
the ensemble of data for tAéC(d, p)13C reaction at incident The calculations were similar to those carried out for the
energies of 15 and 30 MeV, with the exception of that ford+'°C system, with the exception that tme-p continuum
inelastic scattering to the 4.44 MeV* &tate of °C at an  was truncated ak.,,,=0.375 fnT! for the calculations at
incident deuteron energy of 15 MeV. This is most likely due12 MeV, this being found sufficient at this energy. Two sets
to difficulties with the input nucleon *C potentials at this of p,n+'°Be andp+''Be potentials were used, the Watsan
rather low incident energy. The method enables the inclusioal. [32] global parametrization and potentials calculated us-
of two-step transfer paths proceeding via the excited states afig the JLM prescriptiori33—-3§. The JLM potentials again
12C in a natural way, thus providing an excellent means ofemployed the imaginary potential normalization factor
testing calculated spectroscopic amplitudes such as those ©0.8 of Petleret al.[37]. The%Be and'!'Be densities used to
Vinh Mau [43]. Greater consistency between calculations us€alculate the JLM potentials were taken from Sag§dg.
ing different input potentials is obtained at 30 MeV. In the The spin-orbit parts of th@,n+'°Be potentials were again
following section the method will be applied to data for the omitted, this making little difference to the predicted elastic
10B8e(d, p)1'Be transfer reaction at incident deuteron energiescattering. Allp+1'Be potentials retained the spin-orbit term.
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FIG. 6. Results of CDCC/CRC
calculations at 30 MeV incident
energy using empiricah), (b) and
JLM (c), (d) p,n+2C and p
+13C potentials compared tal
107t 1071 +12C elastic and inelastic scatter-
hd e ing data. The elastic scattering
data(a), (c) are from Perriret al.
[20] and the data for inelastic scat-
tering to the 4.44 MeV 2state of
12C (b), (d) from Lind et al. [22]
and Kuboet al. [23]. The solid,
dashed, and dotted curves denote
the results of the full calculation,
the calculation omitting transfers
via the 9.64 MeV 3 state of!2C,
and the calculation omitting trans-
fers via both the 9.64 MeV3and
4.44 MeV 2 states, respectively.

~~

0 50 100 150 0 50 100 150

Bm. (deg) 6. (deg)

As noted in Auton[46], the Watsoret al. potential pro-  1.25x 103 fm and diffuseness 0.65 fm. The depth of the
vides a good description of thet+ 1°Be elastic scattering data +1°Be potentials was adjusted to give the correct binding
at incident proton energies of 12—16 MeV. The JLM poten-energy for the 1/2 and 1/Z states. The 5/2state, being
tial gives a similar quality fit to the data at 12—13 MeV, the unbound, was treated as a resonant bin of width
appropriate energy for the calculations at an incident deu=0.5 MeV, with the depth of then+'%Be potential being
teron energy of 25 MeV. Both Watsat al. and JLM poten- adjusted to give a resonance at the correct energy.rhe

tials predict similar elastic scattering angular distributions for* *’Be wave function was calculated out to a radius of
n+1%Be at 12.5 MeV ang+1'Be at approximately 21 Mev, 100 fm; test calculations using a radius of 200 fm yielded the

also required for the 25 MeV calculations. For the calcula-S8Me results, indicating that truncation at 100 fm is suffi-

tions at an incident deuteron energy of 12 MeV, the Watsorf
et al.and JLM potentials predict similgr+''Be elastic scat-

tering, while the predicteg,n+1%Be elastic scattering angu-
lar distributions exhibit a rather larger difference dependingreference the values are given in Table IlI.

on the potential used than for the calculations at an incident Calculations using both sets of input potentials are com-

nucleon energy of 12.5 MeV. 5 o _ pared to the!®Be(d,p)!Be transfer data at an incident deu-
Excitation of the 3.37 MeV 2state of*"Be was included teron energy of 12 MeV in Fig. 8.

by deforming the bare Watanabe potential, fB€E2;0 In each case the depths of the real and imaginary parts of
—2") being taken from Ramaat al. [40]. For the nuclear the pare Watanabé+°Be potentials were adjusted in order
deformation length we adopted a different approach to thafo obtain reasonable agreement betweendhé&’Be elastic
used for*”C, taking the value obtained by Iwasaial. [50]  scattering angular distribution predicted by the calculations
from a proton scattering analysis. This gives a slightlyincluding all the couplings and that predicted by a calcula-
smaller value than that extracted from tBéE2) using the tion including the deuteron breakup effects only, there being
collective model and &°Be radius of 1.2 10"2 fm. essentially no elastic scattering data available. This proce-
The transfer component of the calculations again includedure was adopted in order to avoid as much as possible
the full complex remnant term and nonorthogonality correc+double counting” of effects due to the inelastic excitation of
tion. Transfers to the 0.0 MeV 1]20.32 MeV 1/Z, and  1°Be. Normalization factors\g=1.0, N,=0.4 andNg=0.9,
1.78 MeV 5/7 states in*'Be were included. The—p bind- ~ N,=0.7 were employed for the calculations using the Watson
ing potential was the Reid soft core, with the D-state com-et al. [32] and JLM potentials, respectively.
ponent explicitly included, and the+'°Be binding poten- Both sets of calculations give consistent values for the
tials were of Woods-Saxon form with a radius parameter oimagnitude of the forward angle cross sections, as was found

ent.

Two-step transfer paths via the 3.37 MeVate of'°Be
were also included. Spectroscopic amplitudes were again
taken from the calculations of Vinh Maj43]. For ease of
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E, =0.0MeV, 1/27 E, = 3.09 MeV, 1/2° E, = 3.85 MeV, 5/2° E, = 0.0 MeV, 1/2* E = 0.32 MeV, 1/2 E =178 MeV, 5/2°
10°
- No “C(2" 10° e No °Bef2%)
—— +%c@) —— —ve sign
+%c(3) — — +vesign
=10
v
S
=
=
c 10°
3 10
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10°
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FIG. 7. Results of CDCC/CRC calculations at 30 MeV incident  FIG. 8. Results of CDCC/CRC calculations at 12 MeV incident
deuteron energy using empiric&ipper panelsand JLM (lower deuteron energy using Watsen al. [32] (upper panelsand JLM
panels p,n+'C and p+'°C potentials compared to the (lower panels p,n+1%Be andp+!'Be potentials compared to the
12C(d, p)*3C transfer data of Ohnunet al.[18]. The solid, dashed, 1°Be(d,p)'Be transfer data of Autofd6]. The solid, dashed, and
and dotted curves denote the results of the full calculation, thelotted curves denote the results of the full calculation with negative
calculation omitting transfers via the 9.64 MeV &ate of'°C, and  relative sign between the spectroscopic factors for the
the calculation omitting transfers via both the 9.64 MeVahd  ''Be/*®Be(0%) and'Be/'%Be(2*) overlaps, the full calculation with
4.44 MeV 2 states, respectively. positive relative sign between the spectroscopic factors for the

11Be/19Be(0") and 1Be/%Be(2*) overlaps and the calculation
for the 12C(d,p)*C calculations at 15 MeV incident deu- omitting transfers via the 3.37 MeV* tate, respectively.
teron energy using the Watsehal. and JLM potentials. The

agreement with data folr transfer to the 0.0 MeV 14hd Following Zwieglinskiet al. [47] we tested the effect of
0.32 MeV 1/2 states of 'Be is reasonabléihere are no data  changing the relative sign of the spectroscopic amplitudes
available for transfer to the 1.78 MeV 573tate at 12 MeV {5 the 118e/1986(0%) and 1'Be/%Be(2*) overlaps (Vinh
incident deuteron energyvith the forward angle magnitude ;4 [43] gives them as positive, see Table)/While the

of the cross sections being well described by the spectrG5reicted cross sections at large angles are rather more sen-
scopic amplitudes of V|r11£1 Map43]. Two-step transfer via  gtive to the sign than found by Zwieglinskt al. [47] at an

the 3.37 MeV 2 state of "Be has little effect on any of the jijent deuteron energy of 25 MeV, the spread in cross sec-
pred_|cted angular distributions for angles smaller than abo”t‘ion is comparable to that produced by using the different
75°% in the center of mass frame. sets of input potentials, compare the solid and dashed curves

TABLE Ill. Spectroscopic factors for thé®Be/*Be overlap, in Fig. 8. o
taken from Vinh Mau43]. The left-hand column denotes th®Be Overall, one may note that for an incident deuteron en-
core spin and thé,j quantum numbers of the transferred neutron. €79y of 12 MeV the calculations are essentially insensitive to

the two-step transfer path, in contrast to the 15 MeV

1+ 1- 5+ 12C(d,p)*°C calculations, where transfer to the 0.0 MeV
2 22 22 1/2" state was found to be sensitive to the two-step mode
0®] 0.964 0.764 0.896 proceeding via the 4.44 MeV*Xtate of'°C. This is some-
2Q8y), 0.269 what surprising considering that the spectroscopic ampli-
28 Pajo 0.667 tudes of Vinh Mau have &'Be/*°Be(2*) component for the
2® ds 0.267 0.353 0.32 MeV 1/2 state of!'Be of comparable size to that of

the 1Be/1%Be(0%) one.
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E,=0.0MeV, 172" E,=0.32MeV, 1/2° E.=178MeV, 52" for the two sets of potentials. The largest difference in the
- No “Be(2) predicted angular distributions is for transfer to the
1.78 MeV 5/2 state, the Watsoat al. [32] potentials yield-
ing a better description of the angular distribution for angles
greater than about 30° in the center of mass frame.

-
2

—— —ve sign
— — +vesign

‘g’ 10 We again tested the effect of changing the relative sign
E between the spectroscopic amplitudes for ¥@e(0*)/1'Be

g 10 and19Be(2*)/1Be overlaps. We found a slightly larger sen-
E sitivity to the sign than in the CCBA calculations of Zwieg-

linski et al. [47] for the same data, with a definite preference
for a relative negative sign for the 0.0 MeV I'/2and
1.78 MeV 5/Z states, compare the solid and dashed curves
in Fig. 9. It is less clear for the 0.32 MeV 17 3tate which
sign is preferred, as the magnitude of the forward angle cross
section is not well reproduced by the spectroscopic ampli-
tudes of Vinh Mau[43] for this state. However, if the
10B8e(0%)/1!Be component were increased to match the data a
positive relative sign between the two components would
give the best agreement.

Overall, the spectroscopic amplitudes of Vinh MgL8]
provide a reasonable description of the data for transfer to
the 0.0 MeV 1/2 and 1.78 MeV 5/2 states. However, in
contrast to the results for an incident deuteron energy of
12 MeV, the magnitude of the forward angle cross section

_.
<

107°

10

A101"

do/dQ (mb/sr
3

A

\}"‘\ - for transfer to the 0.32 MeV 1/2state is poorly described.
, tOUTN Both sets of potentials suggest that the spectroscopic factor
0050 100 150 0 50 100 150 0 50 100 150 of Vinh Mau [43] for the 1°Be(0*)/*'Be overlap for this state
0, (deg) is too small. Other calculations, by Nunes al. [51] and

Bhattacharya and Krishafb2], which yield spectroscopic

FIG. 9. Results of CDCC/CRC calculations at 25 MeV incident amplitudes of 0.93 and 1.00, respectively, for this component
deuteron energy using Watse al. [32] (upper panelsand JLM  of the 'Be 0.32 MeV 1/2 state support this conclusion.
(lower panels p,n+1%Be andp+!!Be potentials compared to the Given that both sets of input potentials are outside their strict
1%Be(d, p)1'Be transfer data of Zwieglinskét al. [47]. The solid,  energy range of validity for the calculations for an incident
dashed, and dotted curves denote the results of the full calculatiodeuteron energy of 12 MeV, one would expect the results for
with negative relative sign between the spectroscopic factors for the5 MeV deuteron energy to be more reliable. However, with-
''Be/'%Be(0") and'Be/'°Be(2") overlaps, the full calculation with  out the relevanti+1°Be andp+!'Be elastic scattering data it
positive relative sign between the spectroscopic factors for thegg impossible to draw firm conclusions on this point.
"Be/'Be(0") and Be/'%Be(2") overlaps and the calculation  \we also note a similar problem with the description of
omitting transfers via the 3.37 MeV* Ztate, respectively. transfer to the 1.78 MeV 5 /2state of!!Be to that found for

A !
Calculations using both sets of input potentials are comiransfer to the 3.85 MeV 5/2state of °C at an incident

pared to the'%Be(d, p)}'Be transfer data at an incident deu- deuteron energy of 30_Me_\/. While the magnitude of the for-
teron energy of 25 MeV in Fig. 9. ward angle cross section is well reproduced, at Iarger_ angles
The calculations were similar to those at 12 MeV incidentthe calculated cross section considerably overpredicts the
deuteron energy. The depths of the real and imaginary parfiata, the exact extent of this Overprediction bEing dependent
of the bare Watanabe+1°Be potentials were again adjusted on the input potentials used.
in order to obtain reasonable agreement betweendhe To summarize the calculations for th€Be(d,p)''Be
+10Be elastic scattering angular distribution predicted by thdransfer reaction, at each energy both sets of potentials give
calculations including all the couplings and that predicted byconsistent result&t that energy However, the calculated
a calculation including the deuteron breakup effects onlycross sections for transfer to the 0.32 MeV 1sgate of''Be
there being no elastic scattering data available at this energgt an incident deuteron energy of 25 MeV noticeably under-
Normalization factorsNg=1.0, N;=0.6 and Ng=1.0, N, predict the data, in contrast to the result for an incident deu-
=0.6 were employed for the calculations using the Watston teron energy of 12 MeV. Similar problems were found with
al. [32] and JLM potentials, respectively. regard to the description of transfer to the 1.78 MeV 5/2
Again, one may note the relative insensitivity to the two-state of!'Be at an incident deuteron energy of 25 MeV to
step transfer proceeding via the 3.37 MeV fate of'°Be  those for transfer to the 3.85 MeV 572tate of13C at an
for angles forward of about 50° in the center of mass frameincident deuteron energy of 30 MeV, although the exact ex-
although the degree of sensitivity is somewhat dependent otent of the problem is more sensitive to the potentials used
the choice of potentials used. Both sets of potentials agaifor the °Be(d, p)*'Be transfer than fot°C(d, p)*°C.
yield consistent forward angle cross section magnitudes, As discussed above, the calculations for an incident deu-
with the details of the angular distributions varying slightly teron energy of 25 MeV are expected to be more realistic.

064604-9



N. KEELEY, N. ALAMANQOS, AND V. LAPOUX

The discrepancy between the calculated and measured cro:
sections for transfer to the 0.32 MeV I/&ate could be due 10°

PHYSICAL REVIEW C 69, 064604(2004

E,= 0.0 MeV, 1/2°

E, = 3.09 MeV, 1/2°

E, = 3.85 MeV, 52"

to the spectroscopic amplitude of Vin Md43] being too
small, as noted above. However, Timofeyuk and Johnsor
[53] have performed adiabatic model calculations for transfer
to the 0.0 MeV 1/2 state of*'Be at 25 MeV incident deu-

O:J%
4
s

®

teron energy in which'Be breakup was included in an ap-
proximate way, and found that its inclusion increased the
transfer cross section. As we have not includt&k breakup
effects in our calculations this is a possible alternative expla-
nation. Test calculations that included the dipole coupling
between the 0.0 MeV 1/2and 0.32 MeV 1/2 states of
11Be found that it had no effect on the transfer cross sections 10”
despite the largd(E1) value for this transition, due to the

small charge product of the system. 10

o
R .
. ©

do/dQ (mbysr)

IV. CONCLUSIONS %\

We have presented a comprehensive analysis method fcg
(d,p) reactions that brings together existing elements fromg . 4
the literature to produce a calculation that includes all impor-g .
tant physical effects on the same footing and as accurately a8 | . . | s _
possible. The method was tested against data for the .
12C(d,p)*C reaction, including the relevant elastic and in- ! .
elastic scattering, and found to be able to provide a reason
ably goqd §|multaneous dESCI’Ip.tIOH of all the data at two 10" R T - S S s e S L I )
different incident deuteron energies. 0, (deg)

Three different sets of input potentials were tested for
each deuteron energy: empirical potentials obtained from fits FIG. 10. Results of CDCC/CRC calculations at 15 M@\pper
to the relevant nucleon elastic scattering data, the global paanel$ and 30 MeV(lower panels incident deuteron energy com-
rametrization for p-shell nuclei of Watsoret al. [32] and  pared to the forward angféC(d, p)*C transfer cross sections. The
potentials calculated using the JLM effective interaction.shaded areas indicate the uncertainty in the differential cross sec-
Greater consistency between the results using the three séi@gs predicted by calculations using the three sets of input
of potentials was found at the higher deuteron incident enpotentials.
ergy, 30 MeV, while overall better consistency was obtained
between the calculations using the Watsinal. and JLM
potentials. This latter effect is similar to that noted by kiu

We may draw some general conclusions from the calcu-
lations presented here that may be of use for future experi-
; > g i ments concerned witHd,p) reactions using radioactive
"l"l' [54] n their extensive reanalysis dfC(d,p)**C and  peams in inverse kinematics. In order to carry out a mean-
*C(p,d)**C ground-state to ground-state transfers. ingful analysis the absolute minimum additional data re-
The method was then used to analyze data for theuired besides the transfer cross section angular distributions
1%Be(d, p)!'Be transfer at two similar incident deuteron en- are the angular distribution for deuteron elastic scattering at
ergies, 12 and 25 MeV, where suitable elastic scattering datdne same energy. It is also highly desirable to obtain the exit
do not exist. Calculations were performed using the Watsochannel proton elastic scattering data at the appropriate en-
et al. and JLM potentials as input, and produced consistenérgy. One may then use JLM potentials to provide basic in-
resultsat a given energyor both potentials. However, when put for the deuteron breakup part of the calculation, the real
the results for transfer to the 0.32 MeV I/&ate of''Be at and imaginary parts of the bare Watanabe potential being
12 and 25 MeV incident deuteron energy were compared aadjusted so that the full calculation provides an optimum fit
inconsistency was found. The calculations at 25 MeV sigto the deuteron elastic scattering data. A JLM potential
nificantly underestimated the data, suggesting that the spewould also be used for the exit channel proton potential, and
troscopic amplitudes used, those of Vinh Md@3], were too if the appropriate data were available its real and imaginary
small, whereas at 12 MeV the data were rather well depotential depths would be adjusted to obtain an optimum fit.
scribed. This discrepancy could be due to neither set of inpun this way both entrance and exit channel parameters would
potentials being realistic for an incident deuteron energy obe controlled by appropriate data.
12 MeV (the energies being too low for the range of validity = We also conclude that data taken at an incident deuteron
of either the Watsoet al. or JLM potential or to the effects energy of around 30 MeV or higher would prove most use-
of the breakup of''Be, not included in the calculations. ful. As demonstrated above, the calculations are less sensi-
Without the necessary elastic scattering datastrance chan- tive to the input potentials at this energy. This is well illus-
nel d+1%Be and exit channep+!'Be) it is impossible to trated in Fig. 10, where the uncertainty in th(d, p)13C
draw firm conclusions on this point. forward angle cross sections predicted by the three sets of
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input potentials is shown for incident deuteron energies otharge of the target. For heavier targets a larger effect is
15 MeV (upper panelsand 30 MeV(lower panels As may expected and this will be investigated in future work. It
be seen, the spread is much smaller for the higher incidershould however be noted that in all cases the best description
energy, the predicted forward angle cross sections, and heneg the data was obtained when the remnant term, nonor-
the spectroscopic factors that may be extracted from the datgzogonality correction and deuteron breakup couplings were
being essentially independent of the choice of input opticalncluded in the calculations.

potentials. In addition, the JLM potential provides good de-  To summarize our recommendations for futtdep) ex-

scriptions of nucleon scattering for stable nuclei in this en,qiments involving radioactive beams in inverse kinematics,

ergy regime, as do global parametrizations. At the lower eng%u calculations suggest that data be taken at around 15 MeV

ergies investigated here there are also possible problems wi r nucleon or higher incident energy and for angles out to

re;sorn?nce\;c,v r:In rt]h\?v”rlwcleon elo?jittlic nSclatterrrl]ngl]i attithne rtqu[Jrllr proximately 30°—-40° in the center of mass frame. The
energies, ¢ cause additional complications 10 N€;ni - additional data required for an unambiguous
analysis and may be the reason for the rather poor descri

Rhalysis are the deuteron elastic scattering at the appropriate
tion of thed+1%C inelastic scattering data at 15 MeV. y g bprop

) energy, with the exit channel proton elastic scattering data
Test calculations for thé”C(d, p) system found that at an being highly desirable if experimental constraints allow.

incident deuteron energy of 15 Me\( the effec_:t of omitting Such data should allow a consistent determination of single
the remnant term and nonorthogonality correction on the Preseutron spectroscopic amplitudes, with the proviso that for

30 MeV incident d he eff v signifi (Neakly bound exotic residual nuclei in the exit channel the
€ meIL entd eut?ron_lt_e#ergfyf/t €e iCt Waz_on 3&3'9”' 'f'effects of breakup will need to be included in some W&§].
cant at backward angles. The effect on the predicted transier ¢, yhe fyture, a deuteron static spin-orbit term could be

angular distributions for both energies was essentially neg“édded to the calculations, derived from the nucleon spin-

gible for angles smaller than about 25° in the ce.nter of Masypit potentials. This would be necessary for an analysis of
frame, smaIIe.r than the effect due to the use O: different inpufyaea taken with the polarized deuteron targets currently being
optical potentlals_. For angles greater than 25 t_he effec_t Waéontemplated for radioactive beam facilities, as the static
of comparable size to that due to the use of different iNpukiy ohit potential is known to dominate the analyzing pow-

optical potentials. Thus, the use of the remnant term merelgrs for polarized deuteron elastic scatteritigs is illustrated

allows an arbitrary choice between the use of post or priO(/ery well in Rawitscher and Mukherjei&], for example
form for the transfer component of the calculation. The USBrhis deuteron static spin-orbit potential could also have an

of the post formulation without this correction for a stripping influence on the analyzing powers for tfe p) transfer re-

reaction gives essentially the same result, as expected f%rction, an excellent observable for unambiguously determin-

light ions. . . . . __ing the intrinsic spin of states, and thus needs to be included
Test calculations in which the deuteron breakup couplmg§n a truly comprehensive analysis method

were omitted found little change to either the predicted elas- The method may also be naturally extended to include

tic scattering or transfer angular distributions for an inciden . ;
deuteron energy of 15 MeV, the differences being at thed’n) and (p,d) transfer reactions. The extension (u,n)

level of those due to the use of different input optical poten_reactmns is essentially trivial, as the outgoing proton is

tials. At 30 MeV the effect on the predicted elastic and in_merely replaced by a neutron and a similar method has al-

. ’ : -
elastic scattering of omitting the breakup couplings was Sig_ready been applied to ti@e(d,n)®B reaction[55]. The ap

nificant. However, the predicted transfer angularplication to(p,d) reactions should also be straightforward.
distributions_were essentially unchanged for angles smaller ACKNOWLEDGMENTS

than approximately 20° in the center of mass frame, the ef-

fect at angles greater than this being comparable to that due The authors would like to thank Professor R. C. Johnson
to the use of different input optical potentials. This relatively for useful discussions concerning the analysigdp) reac-
small effect on the transfer cross sections of the deuterotions and Professor |. J. Thompson for help with technical
breakup couplings may be ascribed to the small mass anaspects of therRescocalculations.
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