PHYSICAL REVIEW C 67, 044604 (2003

Multistep processes in the?C(°Li, d) stripping reaction

N. Keeley* T. L. Drummer! and E. E. Bartosz
Department of Physics, The Florida State University, Tallahassee, Florida 32306-4350

C. R. Bruné
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27088-0308

P. D. Cathers
Department of Physics, The Florida State University, Tallahassee, Florida 32306-4350

M. Fauerbach
Department of Physics, The Florida State University, Tallahassee, Florida 32306-4350

H. J. Karwowski
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27088-0308

K. W. Kemper
Department of Physics, The Florida State University, Tallahassee, Florida 32306-4350

B. Koztowska
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255;
Triangle Universities Nuclear Laboratory, Durham, North Carolina 27088-0308;
and Institute of Physics, University of Silesia, ul. Uniwersytecka 4, 40-007 Katowice, Poland

E. J. Ludwig
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27088-0308

F. Marechal™*
Department of Physics, The Florida State University, Tallahassee, Florida 32306-4350

A. J. Mendez'
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27088-0308

E. G. Myers and D. Robson
Department of Physics, The Florida State University, Tallahassee, Florida 32306-4350

K. Rusek
The Andrzej Softan Institute for Nuclear Studies, ul. #6@, 00-681 Warsaw, Poland

K. D. Veal*
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27088-0308
(Received 11 December 2002; published 18 April 2003

The results of extensive coupled-reaction-channel calculations are compared with the cross section and new
analyzing power data for th&C(°Li, d)*0 reaction leading to the 0.0-MeV'( 6.13-MeV 37, 6.92-MeV
2%, 8.87-MeV 27, and 10.35-MeV 4 states of'%0 at °Li bombarding energies of 34 and 50 MeV. All the
analyzing power data at both energies and all the cross section data at 50 MeV, with the exception of that for
the *2C(5Li, d) 10 transition to the 0.0-MeV 0 state of*%0 are presented here for the first time. These results
suggest that there are significant multistep contributions to transfers leading td thed03™ states, while
those leading to the 2 and 4" states may be reasonably well described by simple ditettansfer. The
importance of multistep effects is found to increase with increasing bombarding energy.
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I. INTRODUCTION 10° - 10 —
0" (0.00 MeV) 2" (6.92 MeV)

For almost thirty years there has been considerable specug 0*
lation about the contribution of multistep transfer processesg
to the population of individual states if®0 via the
12C(®Li,d) reaction[1—4], although to date no calculation
has been published which attempts to quantify their pres-
ence. In fact, previous discussions only focused on transfers
from excited states of the target, whereas these may also
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occur from “excited states” of the projectiléhe threeL 10° 3 (613MeV) 2 (887 MeV)
=2 resonances ifiLi). Also, the importance of transitions % 5 10°

between states of°O has so far not been investigated. The £ M :

question of the contribution of such multistep processes is arg g

important one if the §Li, d) reaction is ever to be used to § 5w

determinea spectroscopic factors. Previous attempts to ex-
tract these factors from distorted-wave Born approximation
(DWBA) studies [5—8] have assumed that the reaction S 2 (1035 Mov)
mechanism is dominated by direat transfer. Compound 8,,, (deg)
nucleus contributions were assumed to be small at forward
angles for most of the low-lying states #30 populated by
the 12C(°Li, d) reaction at energies well above the Coulomb
barrier. This assumption was based on the results of Hauser-
Feshbach calculations of the compound nucleus component
normalized to the cross section for formation of the un-
natural parity 8.87-MeV 2 state, assumed to be populated O 4 o
purely by compound nucleus formati¢s—7]. 8,,, (deg)

The interest in obtainingx spectroscopic factors for the
160/%C overlap goes beyond that of probing the FIG. 1. Comparison of angular distributions for the
a-clustering character of states 0. The °C(a,y)®0  '*C(°Li,d)*®0 transfer reaction leading to the 0.0-MeV 06.13-
reaction rate is of vital importance in nuclear astrophysicsMeV 37, 6.92-MeV 2", 8.87-MeV 2", and 10.35-MeV 4 states
but is still relatively poorly determinefB] due to the diffi- in *°O at several different’Li bombarding energies. The open
culty of the measurement at astrophysically relevant ene(Circles denote the _currer_lt 34-MeV data together with that of Cun-
gies. The 2C(tLi, d)*®O reaction may be used instead to soloet al.[7], the filled circles the current 50-MeV data, thg open
determine the reduced widths of states int0 [5]. How- squares the 42-MeV data of Becche@l al. [5], anq the filled
ever, an accurate determination of these reduced widths frofffluares the 90-MeV data of Becchetial. [6]. The lines are to
DWBA calculations is dependent on the reaction proceedin&ulde the eye.
via directa transfer. Also, the use of the asymptotic normal-
ization coefficient methodsee, e.g., Refl10]) for a given 5%, . 16 .
reaction relies on the validity of the DWBA formalism as ZCI( IEI-' d)l © reﬂa'o?ﬁ t data for tHECLi. d)60
applied to that reaction, as pointed out by Nunes and N Fg. L we show the present data tor (CLi.d)
Mukhamedzhanoy11]. Thus, it is of considerable impor- reaction leading to the 0.0-MeV'0 6.13-MeV 3, 6.92-

. L o MeV 2%, 8.87-MeV 27, and 10.35-MeV 4 states in'®O
t to det th f f direith I- ' . e . ’
ance to determine the significance of nondirather mu measured afLi bombarding energies of 34 and 50 MeV

together with data from the literature for the same reactions

at ®Li bombarding energies of 34 Me\], 42 MeV[5], and

t = N o 90 MeV[6]. Note that while the 34-, 42-, and 50-MeV cross
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tistep or compound nucleus contributions to the
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was possible to remove the contribution of this state from the

cross section and analyzing powers for tHe€(®Li,d)%0 ! B elrc
combined 3 +0* data. To extract the 0 state contribution

transition to the 0.0-MeV 0 state of 0 for 50-MeV ®Li . . .
have been previously publishd®]. All other analyzing from the measured combined vector analyzing poita,

power data at both energies and cross section data at 50 Meex gilgilélg_ted 0 iTy; was subtracted using the following
are presented here for the first time. We have confined our P '
analysis to the strongly populated states$® for which we
were able to. obtain angular distributions _of the analyzipg inl_(correcte()I=(1—
powers. Section Il of the present work provides a description

of the experimental procedure, while Sec. Ill summarizes the

results of previous DWBA calculations. The current CRC a(0") o4
calculations are described in Sec. IV and the results dis- - 1‘@ T @

cussed in Sec. V. Our conclusions are presented in Sec. VI.

00" | o
o3 +0%))

where o(0*) is the calculated O cross section and-(3~
+0%) is the measured combined 3-0* cross section. The
measured vector analyzing power for the uncorrected 3
The present ?C(°Li,d) cross section and analyzing state(which includes O contributions is denoted by T3, ,
power data at 34 and 50 MeV were measured with similagyhile iTgl+ denotes the calculated "0 vector analyzing
experimental procedures. Polarizétli beams were pro- power. Errors were obtained by propagating the errors of the
duced by the Florida State UniversitfFSU) optically  individual quantities, with values of 10% assumed for the
pumped polarized lithium ion sour¢@2] and accelerated to calculated quantities. The tensor analyzing powesg, To1,
34 MeV by the FSU FN tandem van de Graaff acceleratorand T,, were not separated as the calculatédténsor ana-
For the higher energy measurements, the 34-MeV beam wagzing powers were close to zero at all angles.
injected into a superconducting linear accelerator that accel-
erated the beam to 50 MeV. Thél{,d) analyzing powers
were measured using a large scattering chamber containing a
200 (500 wgl/cn? self-supporting natural carbon target for  There are a number of DWBA analyses of the
®Li beam energies of 3450) MeV, followed by a smaller  2C(5Li, d)®O reaction at various energies in the literature.
chamber filled with He gas at a pressure of 600 Torr, used telowever, many of these are mainly concerned with compar-
monitor the beam polarization and separated from the maiing different formulations of finite-range DWBA, and thus
chamber by a thin Havar foil. only compare calculations with data for transfer to a single
Four Si surface-barrier detector telescogiwgo on each state in %0. The first comparison of finite-range DWBA
side of the beamin the main chamber measured tf&i(d)  calculations with an extensive set of data for the
analyzing powers, while two single Si surface-barrier detec-*2C(5Li, d)*%0 reaction that we are aware of is that of Bec-
tors (one on each side of the beam the He-filled polarim-  chettiet al.[5] for a ®Li bombarding energy of 42 MeV. The
eter chamber monitored tHii beam polarization by detect- fits to the 0.0-MeV @, 6.13-MeV 3, 6.92-MeV 2, and
ing the “He recoil particles at detector angles between 13°10.35-MeV 4" states of'°0 are comparable to those pre-
and 21°. The yields from these detectors were also used tsented below with the exception of thé &tate, where the
determine the absolute beam polarization using previouslyalculated angular distribution peaks at an angle larger than
established standard43]. Typical absolute beam polariza- the measured one.
tions were|t;¢ =0.96+0.03 andt,,= — 1.02+0.030. A thin Finite-range DWBA calculations are compared with data
Ta foil was placed in front of the detector telescopes in theat 6Li bombarding energies of 28 and 34 MeV by Cunsolo
main chamber to stop the intense elastically scattered beasi al. [7]. Again, fits are comparable to those presented be-
particles from damaging the detectors during the long timesow, with the fit to the 10.35-MeV 4 state for the 34-MeV
needed to determine the reaction analyzing powers. Crosfcident SLi being considerably better than that obtained
section angular distributions were obtained using an unpolamere. Apagyi and Vertsgl5] present comparisons of zero-
ized °Li beam produced by a standard sputter ion source. range DWBA using microscopic form factors with data at 18
In the present work, the 6.05-MeV'0and 7.12-MeV I and 20 MeV. The agreement is poor in almost all cases.
states of'®0 could not be resolved from the nearby 6.13-  Finite-range DWBA calculations are compared with data
MeV 3~ and 6.92-MeV 2 states, respectively. However, at 90 MeV by Becchettét al. [6]. Again, the fits to the data
the high resolution 42-MeV data of Becchedtial. [5] con-  are of comparable quality to those presented below, depend-
tains angular distributions for both the 6.05-MeV @Gnd ing on the choice of optical model potentials used.
7.12-MeV 1" states. These data indicate that the 7.12-MeV Insolia et al. [16] compared zero-range DWBA calcula-
1~ state cross section is10% of that for the 6.92-MeV 2  tions using microscopic four-particle transfer form factors
state, so the unresolved 2 1~ data was analyzed as a pure with data at 28 and 34 MeV. The agreement is comparable to
2* state. The 6.05-MeV 0 angular distribution is highly that obtained with the current calculations.
oscillatory and gives a contribution of about 25% to the 6.13- Mention must also be made of the work of Makowska-
MeV 3~ state data in the angular range between 20° andRzeszutkeet al.[17]. Although these authors compare finite-
40°. With the aid of finite-range DWBA calculatiop4], it range DWBA to data for transfer to th#O ground state

Il. EXPERIMENTAL PROCEDURE

IIl. SUMMARY OF PREVIOUS DWBA ANALYSES
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TABLE I. Number of radial node® and spectroscopic amplitudes for th€/*%0 overlaps used in the
present calculations. The number of radial nodes includes that at the origin but excludes that at infinity. The
spin of the final state if®0 is denoted byl, | denotes the spin of th&C core, and. the a-*?C relative

angular momentum.

J E, (MeV) Channel (,L)
(0J) (2J-2) (29-1) (29) (2J+1) (20+2)

o* 0.00 0.5477 1.1819
N=3 N=2

3 6.13 0.4593 0.4393 0.4561 0.5020
N=2 N=3 N=2 N=1

2" 6.92 0.8240 0.0707 0.1049 0.2933
N=4 N=5 N=4 N=3

2" 8.87 0.3066 0.6411

N=3 N=2

4* 10.35 0.7855 0.3098 0.0632 0.1517

N=3 N=4 N=3 N=2

only, at a®Li bombarding energy of 20 MeV the experiment target, and to assess their impact on the extraction of spec-
was carried out with a polarized beam, and angular distributroscopic information. Consequently, all calculations were
tions of the vector analyzing powers were obtained. Theyarried out using the coderesco[18], version FRXP.14,
were able to obtain a good fit to the cross section and anavhich can include these contributions to the direct one-step
lyzing power data using a cluster-fold&di +'°C spin-orbit ~ process. In order to perform these calculations, the following
potential. ingredients are required: some means of accurately describ-
Finally, there is the finite-range DWBA analysis of Drum- ing the excitation ofbLi to its unbound resonant and non-
mer et al. [8], which analyses data for transfer to the 0.0-resonant-d continuum states, spectroscopic amplituties
MeV 0™ state of'®0 using a 50-MeV polarizefLi beam. A cluding their signsfor « transfer via the ground and excited
full set of analyzing powers was obtained and good fits to thetates, an unambiguous definition of the*’C wave func-
data were obtained with boftLi + 12C andd+ %0 spin-orbit  tions (binding potential radius and number of radial nades
potentials included. It was found that the calculated analyzthe d+*°0 potential in the exit channels, and coupling
ing powers were dominated by tlaet- 160 spin-orbit poten-  strengths(both nuclear and Coulomtfor inelastic excita-
tial. tions of 2C and 0. The details of these ingredients used in
Overall, DWBA calculations have proved adequate to dethe current work are described below.
scribe the shape of th&C(bLi, d)*%0 angular distributions We utilized thea-d cluster-folding(CF) model descrip-
when a number of the input parameters have been varietion of ®Li with the continuum-discretized coupled-channels
These variations even within one analysis have made it diffCDCC) [19] method to take account of resonant and non-
ficult to extract meaningful information about the nature ofresonanta-d breakup. Thex-d continuum was discretized
the reaction, and also cast doubt on the use of this reaction fato a series of bins with respect to the momentuknof the
extract 1%0— a + 1C spectroscopic factors. The calculations a-d relative motion in a way similar to Rusedt al. [20].
described below are able to obtain similar quality fits to datarhe wave functions of these bins were normalized to unity,
with one adjustable parametghe strength of the real part of the radius limiting their range being set to 30 fm. The con-
the cluster-folding model potentjalthe rest of the input be- tinuum model space was limited to values=0,1,2 of the
ing taken direct from the literature without any adjustment. a-d relative angular momentum and €8<0.75 fm !
with Ak=0.25 fm 1. The binning scheme was suitably
modified in the presence of the=2 resonances in order to
avoid double counting. The three=2 resonances were
The goal of this work was to investigate the role ®f treated as bins of widthAE=0.1, 2.0, and 3.0 MeV for the
particle transfer from the excited states of the projectile an®.18-MeV 3", 4.31-MeV 2", and 5.7-MeV I states, re-

IV. THE CALCULATIONS

TABLE II. The d-+*%0 optical potential parameters used in tH€(5Li, d)'®0 calculations afLi bom-
barding energies of 34 and 50 MeV. Potential depths are in MeV and radius and diffuseness parameters in fm.
The potential form is given by Ed2).

61 :
EC°L) Vg IR arR Wy ry ay  Ws rs as Vso fso a@so Wso Tw aw

34 89.3 099 09 95 165 03 41 225 03 10 040 0.27 175 115 0.35
50 89.3 099 09 7.3 210 03 3125 225 03 225 090 0.27 1.75 1.15 0.35
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FIG. 2. Angular distributions for the”C(°Li,d)*°O reaction FIG. 3. Angular distributions for théC(°Li,d)'O reaction
leading to the 0.0-MeV 0 state of 0 for a °Li bombarding en-  |eading to the 6.13-MeV 3 state of %0 for a SLi bombarding
ergy of 34 MeV. The open circles denote the cross section data afnergy of 34 MeV. The dot-dashed curves denote the result of a
Cunsoloet al. [7]. The dot-dashed curves denote the result of acalculation with directa transfer only, the dashed curves include
calculation with directe transfer only, the dashed curves include transfer via the 4.44-MeV 2 state of'2C, the dotted curves include
transfer via the 4.44-MeV 2 state of*?C, the dotted curves include transfer via the threk =2 resonances ofLi, and the solid curves
transfer via the threk =2 resonances ofLi, and the solid curves include couplings from the 0.0-MeV'0Ostate of *°O to the 6.92-
include couplings from the 0.0-MeV '0state of°0 to the 6.92- MeV 2+ and 6.13-MeV 3 states.
MeV 2% and 6.13-MeV 3 states.

calculations: transfer via th&Li ground state and 2.18-MeV

spectively. Thea-d binding potential was as used by Kubo 3%, 4.31-MeV 2", and 5.7-MeV 1" L=2 resonances of
and Hirata[21]. 8Li; transfer via the'C 0" ground state and 4.43-MeV'2

The CF model requirea+ *2C andd+ '2C optical model state; and coupling between thé @round state and 6.13-
potentials at 2/3 and 1/3 of thBLi beam energy, respec- MeV 3~ and 6.92-MeV 2 states of'®0 in thed+ 10 exit
tively. For the 34-MeV calculations, the nearest availablechannel. Spectroscopic amplitudes for the f6ui/d over-
potentials were the 27.2-Me¥ + *2C of Nemets and Rud- laps were set to 1.0, as we assumed a jputecluster struc-
chik [22] and the 11.4-Me\d+*2C of Guratzsclet al.[23].  ture for Li. The D-state component of théLi ground state
In order to fit the elastic scattering data for 34-Mé\Vi was ignored, as the work of Veat al.[29] shows that it is
+12C [24] with the full model space, the real and imaginary very small, and it was found previously to have little influ-
parts of the CF model potential had to be renormalized bynce on the?C(°Li, d) transfer to the!®O ground staté8].
factors of 0.5 and 0.6, respectively. For the 50-MeV calcula-The «-d binding potential was as used in the CF model
tions, the nearest available potentials were the 32.5-MeV calculation and the three=2 resonances were treated as
+12C of Burdzik and Heymarj25] and the 15.9-MeVd unbound resonance bins in the same way as for the CDCC
+12C of Satchlef[26]. In order to fit the 50-MeVPLi+*?C  calculation described above. The unbound component of the
elastic scattering datf27], the real part of the CF model 10.35-MeV 4" state built on the'?C 0" ground state was
potential had to be renormalized by a factor of 0.6. Couplingreated as a conventional bound state with a srf@&d1
to the 4.43-MeV 2 state of'?C was also included, using the MeV) binding energy for the purposes of these calculations.
rotational model. The 0 ground state and 2 excited state  Tests, where this component was treated as a narrow reso-
were considered to be the first two members ¢€a0 ro- nance, produced results that gave the same magnitude cross
tational band. The Coulomb coupling strength was takersection as for the weak-binding approximation, but which
from the measure®(E2;0"—2%) [28] and the nuclear exhibited spurious oscillations due to numerical solution
form factor was obtained by deforming the bare CF potenproblems associated with the long tail of the resonance wave
tial, with a nuclear deformation length derived from the function.
B(E2) assuming a*C radius of 1.X 12" fm. Spectroscopic amplitudes for thé?C(0%)/*®0 and

The following reaction paths were included in the full 2C(2%)/*%0 overlaps were taken from the calculations of
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Suzuki[30]. The results of these calculations are given as
spectroscopic factorsO?S), which are unsigned, whereas —~
FRESCO requires spectroscopic amplitude$C?S as input, 5
which are signed. As we had no information as to the relative £
signs of the spectroscopic amplitudes, we adopted the simg
plest approach for the main calculations and took the sameg
sign for all. The number of radial nodes was determined by
the usual Talmi-Moshinsky relationship. The spectroscopic
amplitudes and the number of radial nodes used in the
present calculations are given in Table I.

The «-*2C binding potential was of Woods-Saxon form, =
with radius 1.3&12Y3 fm and diffuseness 0.65 fm, the ~
depth being adjusted to give the correct binding energy in
each case. As noted previou$8;21], there is some ambigu-
ity as to the choice of binding potential radius for the
+12C system. Many studief5,6,21] have adopted a value
consistent with the results of electron scattering, while others
have chosen the value obtained frorR=1.25(4"
+12%3) fm [7]. For our main calculations, we have chosen
to follow those studies that use a value consistent with elec-
tron scattering, with a radius similar to that used by Kubo
and Hirata[21] and slightly larger than that adopted by Bec-
chettiet al. [5,6].

The d+*°0 optical potential for the 34-MeV calculations
was obtained from_ a fit to the elastic scattering data of New- i 4. Angular distributions for theC(Li, )0 reaction
manet al.[31], while that for the 50-MeV calculations was |eading to the 6.92-MeV 2 state of %0 for a °Li bombarding
obtained by fitting the data of Hinterbergetal. [32]. A energy of 34 MeV. The dot-dashed curves denote the result of a
neither of these datasets contains analyzing powers, nor aggjculation with directe transfer only, the dashed curves include
these available at the appropriate deuteron bombarding enefansfer via the 4.44-MeV 2 state of'2C, the dotted curves include
gies, the spin-orbit components of tte- *°0 optical poten-  transfer via the threk =2 resonances dfLi, and the solid curves
tials were obtained from finite-range DWBA calculations include couplings from the 0.0-MeV 0state of %0 to the 6.92-
that produced a simultaneous fit to ttle- 10 cross section MeV 2* and 6.13-MeV 3 states.
data and the analyzing power data for tH€(°Li, d) trans-
fer to the %0 ground statd14]. The form of thed+'%0  calculation in order to retain the fit to the elastic deuteron
optical potentials was as follows: data of Newmaret al. [31] and Hinterbergeet al. [32], re-
spectively.

As no couplings between th#O 0" ground state and
either the'®0 10.35-MeV 4" or 8.87-MeV 2 states were
included, separate calculations were carried out for transfers
to these states in order to save on computing time. As the
+4V_Soif(x )0 - s+ 4i W_Soif(x )-s effect of the transfer couplings on the elastic scattering was

SO W. d .. .
rodr rodr negligible in all cases, the results of these separate calcula-
) tions should be identical to those that would have been ob-
tained if transfers to the 4and 2~ states were included in
the main calculations.

Q

d
V(r)=—Vgf(xg) =i} Wy f(xy) _4Wsd_xsf(xs)

where f(x;) = (1+expx) ! and x;=(r —r;x12"%/a;. The
values of the parameters are given in Table II. V. RESULTS

Coupling between thé%0 0 ground state and 6.13-MeV
3~ and 6.92-MeV 2 states were included using the vibra- In FIgS 2-11, we show the results of our calculations for
tional model. The Coulomb coupling strengths were obtainedhe *2C(°Li,d) 'O reaction leading to the 0.0-MeV') 6.13-
from the measuredB(E2;0"—2*%) [28] and B(E3;0" MeV 37, 6.92-MeV 2", 8.87-MeV 2, and 10.35-MeV 4
—37) [33] values. The nuclear form factors were obtainedstates of'®0 at 6Li bombarding energies of 34 and 50 MeV.
by deforming thed+ %0 optical potentials with deformation In order to elucidate the contributions of the various multi-
lengths obtained from thB(E2) andB(E3) values, assum- step paths, we show four curves on each figure. The dot-
ing a %0 radius of 1.X 162 fm. For the full calculations dashed curves denote the results of calculations that include
which included these couplings in tlie+ %0 channel, the the full CDCC model space diLi plus coupling to the 4.44-
imaginary potential strengths were reduced ¥, MeV 27" state of*2C, but which only include direat trans-
=7.3 MeV andWg=3.125 MeV for the 34-MeV calcula- fer, with no multistep paths. The dashed curves indicate the
tion, andW,,=5.0 MeV andWs=2.3 MeV for the 50-MeV  results of calculations which include transfer via thC
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4.44-MeV 2" state in addition to the other couplings. The power data were not obtained for this state fofla bom-
dotted curves denote the effect of adding transfers via thearding energy of 34 Me) The shape of the measured cross
threeL=2 resonances ofLi. Finally, the solid curves de- section angular distribution is also poorly described by the
note the results of the complete calculations, which add couealculation. It will be noted that the addition of transfer via
plings between the 0.0-MeV 0 and 6.13-MeV 3, and the threel =2 resonances ofLi has no effect on either the
6.92-MeV 2" states of'®0 in the exit partition. As our cal- predicted cross section or analyzing powers for this state. For
culations did not include any couplings withtfO leadingto  the 10.35-MeV 4 state the magnitude of the calculated
either the 8.87-MeV 2 or 10.35-MeV 4" states, the figures cross section matches the data, but its shape is wrong, being
for these states do not exhibit solid curves. Also, as the 8.87eaked at forward angles while the data are relatively flat.
MeV un-natural parity 2 state of %0 cannot be formed by The analyzing powers are again rather poorly described.
direct « transfer via the 0 ground state of-?C, the figures For a °Li bombarding energy of 50 MeV, Figs. 7-11
for this state do not show dot-dashed curves. show that at this energy the calculations are in worse agree-
Considering the 34-MeV data first, Figs. 2—6 show thatment with the data than at 34 MeV. By contrast with the
the full calculations provide a reasonable description of the34-MeV case, the description of the 0.0-MeV @&nd 6.13-
cross section angular distributions for transfer to the 0.0MeV 3~ cross section data by the full calculation is poor.
MeV 0", 6.13-MeV 37, and 6.92 MeV-Z states. However, The description of the 6.92-MeV "2 cross section is still
the analyzing powers for these states are rather poorly deeasonable, though not as good as that obtained at 34 MeV.
scribed. For the un-natural parity 8.87-MeV &tate, previ- For the 8.87-MeV 2 state, while the shape of the cross
ously considered to be populated solely by the compoundection angular distribution is rather better described than at
nucleus mechanisifb—7], our calculation underpredicts the 34 MeV, the magnitude of the calculated cross section is now
cross section data by approximately a factor ofdfalyzing  a factor of approximately 70 times smaller than the measured
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FIG. 6. Angular distributions for the”C(°Li,d)*°0 reaction FIG. 7. Angular distributions for théC(°Li,d)®O reaction

leading to the 10.35-MeV 4 state of °O at a °Li bombarding  |eading to the 0.0-MeV 0 state 010 for a °Li bombarding en-
energy of 34 MeV. The open circles denote the cross section data @frgy of 50 MeV. The dot-dashed curves denote the result of a cal-
Cunsoloet al. [7], the dot-dashed curves denote the result of acylation with direct transfer only, the dashed curves include trans-
calculation with directe transfer only, the dashed curves include fer via the 4.44-MeV 2 state of 12C, the dotted curves include
transfer via the 4.44-MeV 2 state of °C, and the dotted curves transfer via the three =2 resonances ofLi, and the solid curves
include transfer via the threle=2 resonances ofLi. include couplings from the 0.0-MeV'0state of %0 to the 6.92-
MeV 2" and 6.13-MeV 3 states.

one. Again, it will be noted that the addition of transfer via
the L=2 resonances ofLi has no effect on the calculated which to test our calculations in this instance, as the calcu-
cross section or analyzing powers for this state. Finally, thgated values are dominated by the effect of the®0 spin-
description of the 10.35-MeV  state cross section is simi- grpijt potential, which is not known with any.
lar to that obtained at 34 MeV, although the magnitude is Having thus established that the major influence on the
now somewhat Underpredicted. With a few eXCEpIiOI’IS, th%a'cu'ated ana'yzing powers at boﬁt“ bombarding ener-
analyzing powers for all states are again rather poorly degies is the poorly determinat+ *°0 spin-orbit potential, we
scribed. _ _ shall concentrate on the agreement between calculated and

Before proceeding to a detailed discussion of the resultgheasured cross sections. As a general observation, we may
of our calculations the question of the effect of the exit channote that the agreement between calculations and data is
nel d+ %0 spin-orbit potential on the calculated analyzing worse at 50 MeV than it is at 34 MeV, suggesting that there
powers must be addressed. As there are no polarized degre processes not included in our calculations that become
teron scattering data available at suitable energies,dthe more important as théLi bombarding energy is increased.
+1%0 spin-orbit potentials used in our analysis are poorlyas compound nucleus contributions become less important
determined. Therefore, it is possible that the rather poor deyjith increasing bombarding enerfg, the poorer agreement
scription of the 2C(°Li, d)°0 analyzing powers is merely at 50 MeV implies that multistep processes are increasing in
due to lack of knowledge of the spin-orbit potentials. In Fig.importance as the bombarding energy is increased. This is
12 we compare the results of calculations for #Re(°Li, d) further borne out by the angular momentum mismatches for
transfer leading to the 6.92-MeV*2state in1%0 at aLi  each transfer at the two energies, given in Table IlI.
bombarding energy of 50 MeV using the full set of couplings As Table Il shows, the angular momentum mismatch at
with (solid curve$ and without (dotted curvesa d+%0 50 MeV is significantly greater than at 34 MeV, further in-
spin-orbit potential included. As can be seen from the figuregdicative of an increased importance of multistep processes as
the exit channel spin-orbit potential has considerable influthe °Li bombarding energy is increased.
ence on the calculated analyzing powers. The same is true One may also note the importance of other multistep
for transfers to the other states 1fO considered herésimi-  paths not considered in this work in the mechanism for popu-
lar effects are observed at 34 MgVThus, the analyzing lating the 8.87-MeV 2Z state. As this is an un-natural parity
powers do not provide any useful extra information with state, it cannot be populated by diregttransfer. As our
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FIG. 8. Angular distributions for theéC(°Li, d)1%O reaction FIG. 9. Angular distributions for the*C(°Li,d)*®0 reaction

leading to the 6.13-MeV 3 state of %0 for a °Li bombarding ~ leading to the 6.92-MeV 2 state of O for a °Li bombarding
energy of 50 MeV. The dot-dashed curves denote the result of &nergy of 50 MeV. The dot-dashed curves denote the result of a
calculation with directa transfer only, the dashed curves include calculation with directe transfer only, the dashed curves include
transfer via the 4.44-MeV 2 state of'?C, the dotted curves include transfer via the 4.44-MeV 2 state of'°C, the dotted curves include
transfer via the three =2 resonances ofLi, and the solid curves transfer via the three =2 resonances ofLi, and the solid curves
include couplings from the 0.0-MeV Ostate of %0 to the 6.92- include couplings from the 0.0-MeV Ostate of *°O to the 6.92-
MeV 27 and 6.13-MeV 3 states. MeV 2 and 6.13-MeV 3 states.

calculationgwhich consider the multistep routes to this stateand coupling strengths which would have made it difficult to

via the 1%C 4.44-MeV 2" staté predict cross sections con- draw worthwhile conclusions.

. The inclusion of multistep transfer paths has a large effect
siderably smaller than the measured ones at Bathbom- on the 2C(°Li,d) transfers to the'®0 0.0-MeV 0" and

parding energies, it wquld be natural to assume that this state 13_meV 3~ states at bottfLi bombarding energies con-

is largely populated via the compound nucleus method, a§ijereqd here. For transfer leading to the 6.92-MeV and

was done previously5—7]. However, as noted above, the 1 35 \ev 4 states the effect of the multistep paths is
discrepancy between calculated and measured cross sectigigch less pronounced, particularly so for the &tate, so

is significantly larger at 50 MeV than it is at 34 MeV. This that these transfers might be reasonably accurately modeled
difference suggests that the balance of the cross sectiofs simple directr transfer only. However, this last statement
strength may come from other multistep routes that we havgeeds some qualification, as there is the question of the effect
not included in our calculations. Further evidence for thisof the signs of the spectroscopic amplitudes for tf@/*2C
conclusion is provided by the measured vector analyzingverlap, which are not determined, and that of the radius of
poweriT q, for the *2C(°Li, d)*0,_ transfer at 50 MeV. The the a-'%C binding potential.

measured values oT 1, are significantly different from zero, As stated above, there is some ambiguity in the choice of
ranging from~0.5 to —0.5. Compound nucleus processesa-°C binding potential radius. In the calculations presented
are unable to produce large vector analyzing powers, thus tHeere we used a Woods-Saxon well of radius X323 fm.

iT, measurement is a strong indication that the discrepancin order to test the effect of the value chosen for binding
between the calculated and measured cross sections for tpetential radius we repeated the calculations with a radius of
2~ state cannot be largely accounted for by compoundl.25(4"3+12Y%) fm, a value used previously in several
nucleus contributions and must be due to multistep paths n@WBA analyses of the*C(6Li,d) reaction. As might be
included in the current calculations. Such paths might in-expected, the general effect of this increase in binding poten-
clude transfer via thé?C 9.64-MeV 3 state or transitions tial radius is to increase the magnitude of the calculated cross
from other states in®0 to the 8.87-MeV 2 state. We did  sections, at bottfLi bombarding energies. However, it also
not include such couplings in our calculations due to a laclalters the shapes of the cross sections, leading to somewhat
of definite values for the necessary spectroscopic amplitudesore structured angular distributions. In general, the larger
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N T : leading to the 10.35-MeV % state of O at a °Li bombarding
F.IG' 10. Angular distributions forlt6hé2C( L'é d_) 0 react_lon energy of 50 MeV. The dot-dashed curves denote the result of a

leading to the 8.87-MeV 2 state of O at a°Li bombarding  5cyjation with directe transfer only, the dashed curves include

energy of 50 MeV. The dashed curves denote the result of a Calc‘ﬁansfer via the 4.44-MeV ® state of12C. and the dotted curves
lation with transfer via the 4.44-MeV 2 state of “C, and the i lude transfer via the thrée—2 resonances ofLi.

dotted curves include transfer via the thtee 2 resonances dfiLi.

transfers leading to the 6.92-MeV'"2and 10.35-MeV 4
radius leads to overprediction of the magnitudes of the crosstates, the effect of changing the signs of t©/1%C(2")
sections for transfer to the 6.13-MeV 36.92-MeV 2", and  spectroscopic amplitudes at®4i bombarding energy of 34
10.35-MeV 4" states, with the main effect on transfer to the MeV is sufficiently large to change the conclusion regarding
0.0-MeV 0 and 8.87-MeV 2 states begin to alter the the accuracy of their being described by simple direct
shape of the cross section angular distributions. Importantlyransfer. The constructive interference of transfer via'fi@
the change ine-*2C binding potential radius does not affect 4.44-MeV 2" state produces significant effects on the cross
the conclusion that transfer to the 6.92-MeV 2nd 10.35-  section. However, at &Li bombarding energy of 50 MeV,
MeV 4" states may be reasonably accurately described by #e effect of changing the signs of tH€0/*2C(2%) spectro-
simple direct one-step transfer. scopic amplitudes is small enough that the previous conclu-

We also carried out an extensive series of test calculationsion about transfer to the 6.92-MeV 2and 10.35-MeV 4
investigating the effect of changing the signs of #0/*%C 160 states still holds. They are reasonably well described by
overlap spectroscopic amplitudes. The calculations of Suzukiimple directa transfer. At both energies the best overall
[30] give spectroscopi¢actors which are unsigned, rather description of the data is obtained with all the spectroscopic
than the signed spectrosco@mplitudeswhich are needed amplitudes of positive sign.
for coupled-reaction-channel calculations. In the calculations
presented here, we adopted the simplest approach of keeping V1. CONCLUSIONS
all *%0/*°C spectroscopic amplitudes positive. In our test cal- '
culations, we investigated the effect of giving the spectro- In summary, we have presented here for the first time the
scopic amplitudes for the®®0/*2C(2") overlaps negative results of extensive CRC calculations for th€(6Li, d) re-
signs while keeping those for thé®0/*?C(0") overlaps action at two®Li bombarding energies, 34 and 50 MeV. We
positive. The main effect of choosing negative signs for thefound that there were significant contributions from multi-
180/17C(2") overlap spectroscopic amplitudes for a particu-step transfer processes at both energies for transfers leading
lar €0 final state was to produce constructive interferenceo the 0.0-MeV 0 and 6.13-MeV 3 states of'®0. This
between the direat transfer and the two-step transfer via  conclusion is independent of the value chosen fordhéC
the 12C 4.44-MeV 2 state. The effect is larger at 34 MeV binding potential radius or the relative signs of the
than at 50 MeV and is most noticeable for transfers leading"®0/*?C(0%) and ®0/*?C(2") spectroscopic amplitudes.
to the 0.0-MeV 0 and 6.13-MeV 3 states of'®0. For  We also presented evidence suggesting that population of the
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TABLE Ill. Angular momentum mismatches for thEC(5Li,
d)*€0 transfers considered in this work.

10

O 10°t .
g ' Final state in'®0 Angular momentum mismatch )
% 34 MeV 50 MeV
= 0.00-MeV 0" 2.5 3.8
o 6.13-MeV 3 35 46
02 6.92-MeV 2* 3.6 4.7
8.87-MeV 2° 3.9 4.9
10.35-MeV 4" 4.2 5.2

culation of the spectroscopic amplitudesth their signsis
» required, along with a consistent set @f-1%C bound state
0B 01 v wave functions. However, our results do unambi_guously
6. (deg) o show _that the_ DWBA is inadequate to describe the
em. 12C(8Li, d) reaction leading to the 0.0-MeV'0and 6.13-
MeV 3~ states of'®0, and thus that the asymptotic normal-
ization coefficient method cannot be applied to these transi-
tions.
It was also found that all the analyzing powers for the

_ 12C(5L4,d) %0 reaction are dominated by tte spin-orbit
o % 940 d6° % potential. Yamayat al.[34] found a similar situation for the
em. (de) 12c(d, 5Li) 8Be reaction, where the dominant influence on the
FIG. 12. Angular distributions for thé?C(°Li, d)1°0 reaction ~ VECtor analyzing power was the entrance chaxdrglin-orbit
leading to the 6.92-MeV 2 state of 10 for a °Li bombarding  potential. Thus, in the case of tHéC(°Li,d) €O reaction the
energy of 50 MeV. The solid curves denote the result of the fullanalyzing powers unfortunately do not provide us with use-
calculation including a + ®O spin-orbit potential, while the dot- ful extra information with which to test our calculations.
ted curves denote the result of a similar calculation withodt-a With the current interest in transfer reactions involving
1°0 spin-orbit potential. radioactive beams, for both spectroscopic and astrophysical
studies, the calculations presented here demonstrate that if
one wishes to go beyond simple DWBA analyses that at-

un-natural parity 8.87-MeV 2 state of®0 may proceed in

large part via multistep processes rather than via compounﬁ"rnpt to e.xt_ralcta spect.roscopllc factors. fronflfi, d) reac-
nucleus formation, as previously assumed. However, thgons(albelt In INverse kmgmatu)_sa con3|d_erable allm'ount of
present calculations greatly underpredict the observed c:roéj,ycleafr structure n;]formatg)on Vg'” _be (;efquwed. This mforlmal-
section. We also found that for transfers leading to the 6.9210": Of necessity, has to be obtained from structure calcula-
MeV 2+ and 10.35-MeV 4 states of'O multistep effects tions. Therefore, any meaningful CCBA/CRC analysis will

were less important, and that transfer to these states could pgguire a congstent set of spectroscopic amplitdets th?
reasonably accurately modeled as simple diredransfer. appropriate signsplus B(E2) etc. values for the coupling

Test calculations indicated that this conclusion is dependerfttrengths in the “target” nucleu§.e., the radioactive nuclide

on the relative signs of th&0/2C(0%) and *0/*2C(2+) comprising the beam in an inverse kinematics setup
spectroscopic amplitudes for®.i bombarding energy of 34 ACKNOWLEDGMENTS

MeV; at 50 MeV the effect of changing the relative signs of

these amplitudes was sufficiently small to have no significant This work was supported by the U.S. National Science
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