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Analyzing powers for mirror states in *2C(5Li, ’Li/ ‘Be) at E¢;;=50 MeV:
Evaluation of channel coupling
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(Received 27 November 1996

A complete seti(T11,T2g,T21,T22) of analyzing powergAP’s) has been obtained for the single nucleon
transfer reaction *°C(°Li,”Li)*C. In addition, iT;; and T, AP data have been obtained for
12c(5Li, "Be)!'B. A finite range distorted wave Born approximation calculation provides a qualitatively good
description of the ground-state transfer déftg,, but is out of phase at small angles. It describes the magni-
tude but not the detail of the rank-2 AP over the measured angular range. A coupled-channels Born approxi-
mation(CCBA) analysis describes the elastic, inelastic, and ground-state transfer reaction cross section and AP
data well. The excited-state transfer cross section description is also good, but the AP data are less well
described. CCBA calculations indicate that coupling to state¥ irand *2C is not crucial to the description,
but that coupling in the final state between the ground and first excited statls of “Be is needed to
describe the small-angle oscillations in the ground-state traiiE{gdata.[S0556-28187)00905-9

PACS numbgs): 24.70:+s, 24.10.Eq, 25.70.Hi

I. INTRODUCTION The present work reports data and FRDWBA
and coupled-channels Born approximatioiCCBA)
Recent analyselsl —3] of polarized °Li elastic analyzing calculations for the reactions2C(°Li, Li/’Li*) and
powers have allowed the importance of contributions to the'C(°Li, ‘Be/’Be*). The approach taken in the calculations
elastic scattering from virtual excitation of the projectile, ex-was to require that the elastic-scattering cross sections and
plicit spin-orbit interaction, and ground state reorientation toanalyzing powers be described as well as the transfer data.
be quantified. It has been found that the tensor analyzinghijs requirement ensures that the role of channel coupling in

powerT,, arises from the ground-statg.s) reorientation of  the entrance and exit channel on the transfer process is not
the °Li, T, andT,, from projectile excitation and reori- overemphasized in the analysis.

entation and that the vector analyzing power, is pro-

duced when an explicit spin-orbit is combined with the other
effects. In the present work, the first complete set of analyz- Il. EXPERIMENT
ing powers have been measured for R€(5Li, ’Li) *'C re-

; ; - Analyzing power (AP) (iT41,T29,T21,T25) and cross-
action to determine whether transfer processes strongly in- " 6y 7, w1l 200 2L 022 )
fluence elastic scattering and whether projectiIe-(::jectilesecuon data for thé’C(°Li, ’Li) and **C(°Li, 'Be) reactions

excitation is important in the transfer process were obtained in a series of measurements of the elastic and
The earliest reported®(i, ‘Li) measurement4] studied inela_stic reactions“C(°Li, °Li*) “C* [3]. The experi_mental
the 14N(5Li, 7Li/ "Be) reactions to look for isospin effects in details of the measurements of the transfer reaction AP are

heavy-ion reactions. While finite-range distorted wave Bornthe same as given earlier in a report focusing on the inelastic

approximation(FRDWBA) calculations gave a reasonable sce_llf':]erlgg{f],tand sol V\t'.'” n_ottk;e repeate;d helie. d the lack of
description of the data, the calculations appear to be shifted € detector resolution Inthe present work:and the 'ack 0
to larger angles by about 3°. Since these were earlfimy low-lying excited states if*C allowed the first excited

i 7 ; :
FRDWBA calculations, the difference could be attributed toStAt€ Of ‘Li and ‘Be analyzing power to be measured in

numerical approximations made. An early extensive study oEddition tc;] those for the grgo/t;gd rs]tageLg. The sgig/;if;‘erence
®Li and ’Li induced scattering and single nucleon transfer etween these two states, rthe ‘Lig.s. an or

reactiond5] found that the {Li, ’Li) reaction FRDWBA cal- the 0.4.8—MeV first Qxcitechi state, allows simpllej depen— _
culations were quite sensitive to the choice of optical modefl€Nce in the analyzing powers to be observed if reorientation

parameters used whereas they found tHat, Li) calcula- affects do not overwhelm the reaction process.
tions were relatively insensitive to these parameters. The

large negativeQ value for most of the studied(i, ’Li) tran- II. ANALYSIS

sitions produced a large momentum mismatch in the reac-

tion, which could account for the increased potential sensi- A. Calculations

tivity. Recently, the vector analyzing powé€vAP) for the The single nucleon transfer data were analyzed in the

26\g(°Li, Li) 2°Mg reaction[6] was measured and while the coupled-channels Born approximatigdCCBA) using the
VAP was described by FRDWBA calculations at larger coupled channelCC) codeFRESCQ A six-channel calcula-
angles, the data and calculations were of opposite sign dion recently reported3] provides a good description of the
smaller angles and the calculated angular distribution waslastic and inelastic-?C(°Li, °Li*)*°C* reactions, and was
shifted to larger angles by about 3° when compared with theised as the starting point for the transfer calculations. A
data. detailed description of this calculation is given in RES].
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TABLE I. Spectroscopic amplitudes(CyS) for the
5064 Mev C £218MeV i 12C(5Li, "Li) *C CCBA rrescocalculations. A phase factor differ-
5. 964 MeV __ % 1/2, 0.477 MeV B ; - X .
L N g}( . ence inFREScorequires an opposite sign for one of the amplitudes
C P P O corresponding te,, or psj, transfer. Identical values were used for
Li Li the 2C(Li, "Be)''B calculations.
C 1%, 5.65 MeV
2F 4,44 MeV 1 System Cohen-Kurath Present
C - O 274,31 MeV
1 2c_tcyn 1.67 0.600
O 42,18 Mev "Li(g.s.)—=S5Li+n(psp) 0.657 0.657
\ -NMM _ 7Li(g.s.)—°Li+n(py) 0.538 —0.538
wpely v (VY vee o ATV s V) S2gs. 7Li(0.477)—5Li+n(psy) 0.924 0.924
¢ Li Li ¢ 7Li(0.477)—5Li+n(py,») 0.196 ~0.196
71 6y ;
FIG. 1. Full eight-channel and simpler four-chanr@se} Li(g.s.)—"Li(2.18)+n(ps) 0.744 0.744

CCBA coupling schemes used for tHéC(ELi, “Li) calculations.
The four-channel coupling scheme was used for optimization of the
exit channel optical model parameters and evaluation of each cowearch on the potential strength to give the specified binding

pling and transfer term. A similar eight-channel scheme was used ignergy. The same was done to obtain th8-+p and
the case of“C(°Li, 'Be). Thepy, andp,, indicate the final state of 6| j |- p bound-state potentials for tHéC(Li, "Be) case.
the transferred neutron.

B. Results
The real central potential used is calculated in the double

folding formalism, while the imaginary central potential is of and inelastic data as well as the previous six-channel CC
the Woods-Saxon form.

. . calculation presented in Rd8]. That is, the neutron transfer
For the transfer reaction, the two additional ChannGIShas little affect on the elastic and inelastic CC calculation
Li(3/27, g.s.) and’Li(1/2~, 0.477 MeV) were added to '

the six-channel elastic-inelastic calculation. The singIeThe only parameter varied from the pure elastic and inelastic

nucleon transfer amplitudes were obtained from Cohen anaix-channel cal_culation was the imaginary central potential
Kurath [7]. A phase difference between this reference ancfStre”gth\’\/l’l which was changed from 10.0 to 10.5 MeV.
FRESCOrequired using an opposite sign for one of the am-When the. C+ n spectroscopic factor. was adjusted Fo brlpg
plitudes. Also included was the reorientation of thethe magnitude of the transfer reaction cross sections into
“Li(g.s) and coupling between théLi g.s. and 0.477 MeV  agreement with the data at small angles, the phase and mag-
states. This resulted in an eight-channel CCBA calculationfitude of the calculations over all measured angles were in
and required about 55 min of CPU time on a DEC Stationquite good agreement with the cross-section data.
5000 Alpha machine. To determine the sensitivity of the transfer calculations to
The exit channel optical model parameters fai+'C  the SLi and “Li optical potential parameters, a study was first
were obtained from théLi+2C work of Zelleret al. [8], carried out to determine the minimum number of channels
since there is no published data féiri + 1*C. The exit chan- needed for the CCBA transfer calculations to be essentially
nel and bound-state potentials are of the Woods-Saxon fornthe same as the full eight-channel calculations. The smaller
and the spin-orbit potential used in the etdind entrance  number of channels yields much shorter computing times. A
channels is of the Thomas spin-orbit form. four-channel transfer calculation with only the first two
Both pg, andp,,, neutron transfers are possible from the states in6Li and the first two states ifLi included, pro-
®Li(g.s), and are included in the calculation. Also included duced transfer results almost identical to the eight-channel
is neutron transfer from théLi(3 ", 2.18 MeV) state to transfer calculation. This reduced the calculation to just 10
form the “Li ejectile. Neutron transfer from theLi(2.18 to min of CPU time. The inset of Fig. 1 shows the reduced
form the 7Li(0.477 ejectile, and >C(0", g.s.)}?C(3~,  coupling scheme. The forward anglg,, data were found to
9.64) and’Li(1/2~, 0.477) reorientation terms are not pos- be quite sensitive to slight changes in the real radius and
sible because of angular momentum restrictions. It was agdiffuseness in the'Li+C exit channel. However, it was
sumed that the/Li states have & =1/2 bandhead with re- felt that the improvements were not sufficiently dramatic to
versed level order due to the decoupling paramig@érThe  change the parameters away from those that give a good
coupling and transfer scheme used is shown in Fig. 1, andescription of the’Li+ *°C elastic- scattering data.
the spectroscopic amplitudes are given in Table I. The top of Fig. 2 shows théLi(g.s) cross section and
The “Li g.s. Coulomb reorientation was included using full eight-channel AP calculations, along with the data. The
M(E2)=5.22 efnf, while the nuclear reorientation used a bottom of Fig. 2 shows théLi(0.477 Me\j calculations and
deformation lengths,=2.37. Both of these values were ob- data. The’Li(g.s) transfer cross section and AP data are
tained from the g.s. spectroscopic quadrupole momig®t  described reasonably well. TH&i(0.477) cross section and
and rms radius of Li. The Coulomb excitation strength of rank-2 AP data are also described reasonably well, but the
5.76 efn? was obtained from th8(E2) value[10]. iT,, data are more positive than the calculation. Table II
The bound-state potentials fdfC+n and ®Li+n in the  gives the optical model parameters and coupling parameters
12C(8Li, "Li) case were obtained by running®&C(Li,’Li)  used in the full calculation. Calculations were then carried
DWBA calculation with the codewucks. This code will  out to determine the effect of the different channel couplings

The eight-channel CCBA calculation describes the elastic
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FIG. 2. Eight-channel CCBA calculatiorisolid) for the *>C(5Li, ’Li) transfer reaction cross sections and AP’s, along with the data. The

calculations shown are for th.i(3/27, g.s.)(top) and’Li(1/2~, 0.477 MeV) stategbottorm). Also shown are the FRDWBA calculations
(dotted for both states.

by removing the couplings one at a time. The starting poinnheutron transfer to the 2.18 MeV state %fi. This affected

of these investigations was the inset coupling scheme afainly the transfeiT,; AP, and mostly beyond 50° c.m. It

Fig. 1. also reduced the amplitude of the small-angle oscillations
The first process removed from the calculation was theslightly. It had no affect on the elastic and inelastic calcula-



2444 P. L. KERRet al. 55

TABLE Il. Optical model, double folding, and coupling strength parameters for the DWBA and eight-channel &€&B&ocalcula-

tions. All radii use the conventioR,=r,AY3,

Channel re Y, re ag w r a Vs s a s N SNKE?
(fm) (MeVv) (fm) (fm) (MeV) (@Fm) (Ffm) (MeV) (fm) (fm) (MeV)
Entrance CCBA 224 1050 222 055 0.50 0.90 0.80 0.985-356
DWBA 2.24 256.0 1.13 0.76 13.49 217 0.63 1.24 0.12 0.22
Exit 1.30 145.6 1.22 0.83 12.09 222 0.69

Bound states:
c+n 125 3866 2.00 0.65
6li+n 1.25 37.88 1.73 0.45
B+p 125 3814 2.00 0.65
SLi+p 125 37.88 173 0.45

8, and 63 Coupling strength parameters

6L 6L 6L 6L 6L 6L 6L 2c c c L L
8g.sr) 8218 5(2.18) 6431 54310  55.69 55.65) 5(4.44 54440 55(9.64 S(g.sr)  8(0.47D

—0.76 —2.04 —1.53 —1.95 —0.98 —3.72 —1.86 —-1.34 —0.67 —0.80 2.37 2.37

“Single nucleon knockout exchange.

tions, and only a minor affect on th.i (0.477 state transfer  sulting calculation describes tHéC(°Li, "Be) data as well as
reaction. . _ _ the *2C(°Li, ’Li) data. The calculations and data are in fact
Removing the ‘Li ground-state reorientatiofg.s.r) re-  very similar, as might be expected for mirror states. Notice

duced the amplitude of the small angle oscillations of then particular the similarity between thi&,, data for the g.s.’s
Li(g.s) iTy; and increasedT,; considerably for angles of “Li and "Be.

greater than 50°c.m. It had a minimal effect on the
Li(0.477 state observables, and no affect on the elastic Oba
inelastic calculations.

The “Li(g.s.)-'Li(0.477 coupling had a large affect on

Finally, a FRDWBA calculation was performed for com-
rison. These calculations were done WiHESCQ and are
shown as the dotted curves in Figs. 2 and 3. The optical
70 ) ) . model parameters used for these calculations are given in
the 'Li(g.s.) iTy, over the whole angular region of interest, Table Il. The real potential for the entrance channel is of the

0-90° c.m. The small-angle oscillations were reduced WheQA/oods-Saxon form and the parameters were adiusted to pro-
this coupling was removed, moving the calculation further P J P

from the data. TheLi(0.477) iT, calculation was also less vide a good description of the elastic scattering in the ab-

oscillatory at small angles, making agreement with the datg€Nce of channe_l coupling. THEC+n spectroscop?c factor
worse. Removing the coupling to theLi(2.18 state and Was reduced slightly from the CCBA calculatiof®.60
the ©Li(g.sr) and 7Li(g.s.r) mainly affected the —0.55 to improve the description of the transfer cross sec-

7Li(0.477) iT,,, making the calculation more negative and 1ONS- _ , _
further from the data. The FRDWBA calculation describes the cross-section

This scheme was further simplified, concentrating on jusfi@t@ nearly as well as the CCBA calculation, but not the

the 7Li(g.s) transfer. The’Li(g.s) data could be described 'T11 data. In particular, the g.8T,, calculation is out of
very well without the 8Li(g.s.r), and without the neutron phase with the data and the CCBA calculation. A spin-orbit

transfer from or coupling to théLi(2.18 state. That is, with (SO) potential was put into the exit channel and also into the
only neutron transfer from the®Li(g.s) and the bound-state potentials, but this had virtually no effect. The
7 7 ; 7 ' rank-2 AP calculations are, however, quite similar to the
Li(g.s.)-"Li(0.477 coupling, the ‘Li(g.s) transfer data ) ' =
(g.s.)-Li( ) _coupling '(9.5) ?‘/CBA calculations. These calculations show that, compared

were described as well as when using the inset couplin : S !
9 P 0 a CCBA calculation, a DWBA calculation is not sufficient

scheme of Fig. 1. A slight adjustment of the real exit channe -
radius parametefl.22 fm—1.37 fm) was required, how- to describe the transfer AP. data.
ever. The_)present work differs from Ref.[6] where
The calculation for’C(5Li, ’Be) was identical to that for ~-Mg(°Li,’Li) was studied in that it was possible to extract
12C(5Li, ’Li) except for the necessary changes to chargesanalyzing powers for both the 372 g.s. and 1/2 first ex-
masses, binding energies, and bound-state potentigited state of’Li. Santos and Goyatves[11] have derived
strengths. However, both of these calculations were very inresults within a semiclassical model for th?f(,%i) reac-
sensitive to the bound-state potential strengths fotion that allows one to determine whether there are final-state
Hc+n, SLi+n, andB+p, SLi+ p within the few tenths spin effects in the analyzing powers. They show that the
of MeV difference between the two corresponding boundanalyzing power'T,, might be less sensitive to thii g.s.
states. The top of Fig. 3 shows tH8e(g.s) cross section reorientation and hence more sensitive to the spin transfer
and AP calculations, along with the data. The bottom of Figthan other AP because this aligned orientation has radial
3 shows the’Be(0.429 Me\j calculations and data. The re- symmetry in planes parallel to the reaction plane.
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FIG. 3. Eight-channel CCBA calculatiotsolid) for the *>C(5Li, “Be) transfer reaction cross sections and AP’s, along with the data. The
calculations shown are for thtBe(3/2", g.s.)(top) and 'Be(1/2", 0.429 MeV) stategbottom). Also shown are the FRDWBA calcula-
tions (dotted for both states.

The ejectile spin dependence is contained in a Racah cgrediction is borne out byT,; andT,,. It is harder to find
efficient in Eq.(22) of Ref.[11], and shows that the rank-1 the sign difference inr,, and T,; because of the apparent
AP will have the same sign for botfLi states, whereas the structure in their angular distributions. Figure 4 shows the
rank-2 AP for these states will have opposite signs. This sigr T, data collected and two results are apparent. The sign of
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weakly affected by’Li g.s. reorientation and coupling of the

oe E ' ' ' I 1 ’Li states wherea$,; did need these contributions. The rea-
06 F E son for the difference in the results of Ref$2] and[13] are
0.2 F - not addressed in Ref13] and so it is only possible to state
: ] that the present investigation supports the conclusions of
02 K 3 Ref. [12].
£ o >
0.2 P E IV. CONCLUSIONS
04 F E A complete set of analyzing powers has been obtained for
0.6 | 3 the 2C(SLi, ’Li) transfer reaction. In addition,T,;, Toq,
I T T and some T,y data have been obtained for the
0.8 P 12C(8Li, "Be) transfer reaction. An eight-channel CCBA cal-
0.6 ;_7Li(1/2_,0.477 MeV) . g%gi—; gulation describes the elastic, inelastic, afid(g.s) and
o b 3 Be(g.s) transfer cross section and AP data well. The
cr ] 7Li(0.477 and "Be(0.429 transfer cross-section data are
0.2 F 3 also described well, but the AP data are less well described.
< 5 E A CCBA calculation with coupling only to théLi(2.18 and
N A Li(0.477 [or "Be(0.429] states does just as well describ-
—0.2 F B ing all the transfer data. That is, the states'fi€ and the
o4 K E higher-lying states irfLi contribute little to the transfer cal-
TE ] culation so that the®(i, ’Li) and (°Li, 'Be) AP are being
-0.6 | - produced byj dependence and final-state interactions. A cal-
og bt ] culation with coupling only to .the7Li (0.477 ['Be(0.429]
0 20 10 60 80 state does equally well describing tHei(g.s) [ 'Be(g.s)]
©  (deg) data.

A FRDWBA calculation describes the transfdr,; data
poorly, and indicates that théLi(g.s.)-'Li(0.477 coupling
FIG. 4. The analyzing powelT,, for the “Li(3/2~, g.s.)(top) is the most important one for describing the small-angle os-
and 7Li(1/2-, 0.477 MeV) state(bottom. The solid curves are Cillations in the ’Li(g.s) iT;; data. The same holds for the
the results of an eight-channel CCBA calculation, while the dashed Be(g.s) data. The two vector analyzing powers are in fact
curves are the results of FRDWBA calculations. very similar, as would be expected for mirror nuclei.
A spin-orbit potential was added to both theC+ ’Li exit
the AP is clearly opposite for the two states, and the CCBAchannel optical model parameters and to tH€+n and
and DWBA calculations are quite similar, as predicted by®Li+n bound-state potentials in the FRDWBA calculation
Ref.[11]. to see if the’Li iT,; descriptions might improve, but this
The results of the present analysis agree quite well witthad little effect.
those of Turkiewiczet al. [12] for the 2°Mg("Li,5Li) reac-
tion, where it was shown that there was only a weak depen-
dence of the transfer AP on ttf&i distorting potential, that ACKNOWLEDGMENTS
target excitation was not important, and that coupling of the - The authors wish to acknowledge informative discussions
states in’Li, g.s. reorientation and transfer from bothi  \ith Drs. V. Hnizdo, D. Robson, I. J. Thompson, and K.
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