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Abstract. The '*0(*3C,'2C)'"O reaction at 50 MeV has been investigated using the kinematical coin-
cidence method. Polarization tensors toq and t4o of 120[2?] for the quantization axis taken along the
direction of propagation have been measured by analyzing the energy spectrum of '2C[2]], modulated
by the effect of v ray emission. The deduced ts4o values significantly deviate from zero, contrary to the
prediction of the distorted-wave Born approximation theory based on one-step p shell neutron stripping
without spin-dependent interactions. The phenomenological spin—orbit interaction necessary to reproduce
the magnitude of measured t49 is found to be much larger than the folding model prediction. It is shown
that the experimental polarization tensors as well as the cross sections can be reproduced by introducing
multi-step processes involving excitations in '2C and '3C without introducing spin-dependent interactions.

PACS. 25.70.Hi Transfer reactions — 24.70.4-s Polarization phenomena in reactions — 24.10.Eq Coupled-

channel and distorted-wave models

1 Introduction

The heavy-ion induced one-nucleon transfer reactions be-
low 10 MeV /u have been investigated for various colliding
systems [1-7]. The angular distributions of the reaction
cross sections have generally been reproduced reasonably
well by the distorted-wave Born approximation (DWBA)
calculation. In some cases, however, unrealistic optical po-
tentials used to represent the nuclear interaction between
the colliding nuclei have been used in the calculation; this
was necessary to reproduce the experimental data [3-6].
Examples of such unrealistic cases may be seen in the
spin—orbit interaction, which has often been required to
be one or two orders of magnitudes larger than the pre-
dictions of the folding model. It has also been suggested
that the spin—orbit potential can effectively be generated
by the channel coupling effect. The recent experiments
on polarized lithium induced one-nucleon transfer reac-
tions [7] have demonstrated that the DWBA calculation
is unable to reproduce the measured vector and tensor an-
alyzing powers. In these cases the coupled channel (CC)
model analysis, which takes into account the strong cou-
pling between the ground and excited states of lithium,
has been found successful in explaining all of the observ-
ables without introducing the spin—orbit potential.
These investigations imply that the successful descrip-
tion of the cross section alone may not be enough to justify

a

e-mail: ikeda@nucl.phys.kyushu-u.ac.jp

the one-step DWBA analysis and that the spin observables
may provide useful information to determine the actual re-
action mechanisms. For the reactions with heavier projec-
tiles than “Li, however, the only ones available have been
the magnetic substate population of 1°N[3/2] ] in the 6O
induced reactions [4] and a further accumulation of data
was desirable.

For studying the reaction mechanisms from the spin
degrees of freedom, it is of special importance to examine
those observables whose DWBA interpretation may not
be obscured by the choice of the optical potential. Since,
theoretically, the rank of the polarization tensors of the
ejectile is determined by the reaction mechanisms assumed
and the spin-dependent interactions adopted, the experi-
mental observation of even higher rank tensors is of great
interest to verify the assumptions. In particular, in the
case that the nuclear spin of the ejectile is larger than the
spin or orbital angular momentum transfer, the measure-
ment of the ejectile polarization tensors provides crucial
information. This is because the one-step DWBA without
the spin-dependent interactions only predicts none-zero
tensor values for some limited rank, independent of the
potential parameters. A similar restriction of the DWBA
to the rank of the tensor analyzing powers has been no-
ticed by Turkiewicz et al. [8]. Their measurement, how-
ever, has not been accurate enough to prove the presence
of the higher rank tensors. The other polarization mea-
surements carried out so far have not paid due attention
to this fact.
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In the present paper, the experimental study of the
6O (13C,12C)170 reaction at 50 MeV is presented. Em-
phasis was placed on the measurement of the polarization
tensors of the '2C[2]] ejectile by using the v ray recoil
method. The one-step DWBA without spin-dependent in-
teraction predicts non-vanishing polarization tensors up
to the 3rd rank for the most likely mechanism of p3/5 neu-
tron stripping from 3C. The present measurement, on the
contrary, gave the first example to show the presence of
a finite polarization tensor term of the 4th rank for the
reaction.

In Sect. 2, the theoretical description of the polariza-
tion tensors is briefly presented together with the formulae
to evaluate the tensors by the v ray recoil method. The ex-
perimental procedure, the data analysis and the results are
presented, respectively, in Sects. 3, 4 and 5. The DWBA
and CC analyses of the experimental data are given in
Sect. 6. Section 7 contains a summary and discussion.

2 Principle of the polarization tensor
measurement

2.1 Rank of polarization tensors

For the reaction A(a,b)B, the polarization tensors tj, of
the ejected particle b are represented by transition matri-
ces Ty mypia, DY

D
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with 0 < k < 2I;, [9]. The symbols I and M are used
to represent, respectively, the spins and magnetic quan-
tum numbers of the nuclei denoted by the subscripts, and
I, = (21, + 1)/2. Based on the DWBA theory (for exam-
ple, see [2]), the transition matrices can be expressed as
an expansion in the reduced amplitudes tfg’}ba Jpa D the
absence of the spin-dependent interaction, where m =
Mp— M+ My — M,. Here, we have expressed the angular
momentum transfers by
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From the properties of the Racah coefficient appearing in
the equation we obtain a bound to k:
‘Jba - Jl/;a| < k < Jba + Jl;a'

The absence of the spin-dependent interaction leads, for
the stripping reaction, to the fact that the total angular
momentum j; of the transferred particle in the nucleus a
is equal to —Jp, [2,8]. In the case that only a unique value
of j; is allowed and j; < I, the limitation to the rank of
the polarization tensor becomes 0 < k < 2j;.

The (13C,'2C[2{]) reaction has been predicted to be
due to pure pssp shell nucleon transfer from the shell
model calculation by Cohen and Kurath [10]. If the spin-
dependent interaction is negligibly small as predicted by
the folding model, the tensor terms of rank k& > 3 should
be zero in the framework of DWBA. As a consequence, the
one-step DWBA theory predicts that the 4th rank tensor
terms of 12C[2]] are to be identically zero in the absence
of a spin-dependent interaction.

2.2 Measurement of polarization tensors

The ejectile of the reaction, if it is left at an excited state,
decays via v ray emission in flight to cause a change in
the kinetic energy of the nucleus depending on the angle
of the emission. If, further, the nucleus is polarized, the ~
ray emission probability is not isotropic, and the ejectile is
expected to show some characteristic energy distribution
which reflects the v ray angular distribution.

The polarization tensors t;, with even k and ¢ = 0 of
the v decaying nucleus can be obtained by observing the
modulation of the energy spectrum due to the recoil of the
~ ray emission. This method, referred to as the « ray recoil
method, allows one to extract information of the angular
distribution of the emitted ~ ray with high efficiency.

Bohlen and von Oertzen [11] described the formulae to
extract the polarization tensor terms tyo of the decaying
nucleus taking the z-axis along the direction of propaga-
tion in the laboratory frame. Sugiyama et al. [12] have
pointed out that the ¢, elements with ¢ # 0 which still
remain in the equations of Bohlen and von Oertzen can
be eliminated by taking the z-axis along the direction of
propagation in the center-of-mass (c.m.) frame.

The ~ ray recoil method has been successfully applied
to the measurements where the high momentum resolving
capabilities of the magnetic spectrographs are utilized [4,
11-13]. In this paper, we demonstrate that the simulta-
neous measurement of energy and scattering angle of the
ejectile with a position sensitive silicon detector (PSD)
also facilitates an alternative experiment to measure the
polarization tensors by the v ray recoil method.

The ejected particle before and after the v ray emis-
sion is denoted by b and c, respectively. We express the
momenta of the ejectile before and after the v ray emis-
sion by P,(6}) and P.(6.), respectively, in the c.m. frame,
with @ representing the c.m. scattering angle. According
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to [12], P, and P, are related by

2

0

ffﬁ)/P) b PP,
M

where 3 is the velocity of the particle b relative to the
speed of light in the c.m. frame, P, the recoil momentum
by the emission of the v ray in the moving frame of b
and 6, the polar angle of the v ray emission measured
from the z-axis taken along the direction of propagation
of b. The momentum P,(60;) can be replaced by P,(6.)
since the magnitude of the momentum of b in the c.m.
system is independent of the scattering angle. Assuming
that P, /P, < 1 and 3} < 1, the equation can be written
in terms of the kinetic energies Ej and F, of the particles
as

P2(O,) = <Pb ()

V11— 32 1
——(E.(0.) — Ep(O, —0By = —cos b, 1
B (P00 ~ Fu(©) + 5 = —costr, (1)
where E, is the energy of the emitted ~y ray.

The double differential cross section for the particle ¢
is given by

2o 7d70( )dﬂb W (O, 0., ) de2, )
AR dE, — dsy, " v dn, 4 dE,’

where W represents the v ray emission probability per
unit solid angle in the direction of polar angles (6., ¢-)
with the normalization of [ W (6,60, $,)ds2, = 4m. As-
suming that the angular change due to the v ray emission
is negligibly small, (2) can be written by replacing @ by
6. as
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The 7 ray emission probability W (6., 0.,, ¢) can be writ-
ten using the polarization tensors as [9]

w(e., 0, Py) = Z Aktquk*q (977 Dry)-
kq

Parity conservation in the v decay requires Ay with odd k
to be zero. It is obvious that the terms involving ¢, with
q # 0 vanish when integrated over ¢, and (4) reduces to

d’o m do
= - A P . .
dN.dE, 26, E, dgb(@c) Z rtroPr(cosby). (5)
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Fig. 1. Examples of the center-of-mass line shape of

12C[2f] for different m substates, calculated for the
10 C,2CI21 )" 0O[g.s.] reaction at 50 MeV (folded with a
Gaussian shaped instrumental response with a FWHM of
95keV). The dashed line does not include the effect of broad-
ening due to the recoil of the v ray emission. The emission
patterns of the v ray are shown to the right

Equations (5) and (1) imply that the terms of ¢5o with
even k can be determined by measuring the energy and
the emission angle of the particle ¢ simultaneously. Such
measurements may conveniently be made by using the
conventional PSD for detecting particle c.

It may be illustrative of the effectiveness of the mea-
surement to examine the energy spectrum of ¢ for differ-
ent m substates, in a similar manner as demonstrated in
[11,12]. Figure 1 shows examples of the expected c.m. en-
ergy spectra in the 6O(*3C,'2C[2{])17O]g.s.] reaction at
50 MeV. The spectra include the effect of the instrumen-
tal energy resolution of 95keV in the c.m. frame, which is
somewhat larger than the experimental value for the PSD
used. The calculated line shapes are characteristic enough
to allow the extraction of the m substate population, i.e.
too and t4g, from the energy spectrum measurement.

3 Experiment
3.1 Experimental procedure

A target of SiO evaporated onto a carbon backing was
irradiated by a 3C beam of 50 MeV from the Kyushu
University tandem accelerator. The target was placed per-
pendicular to the beam direction with the carbon back-
ing side facing the incident beam. Both the ejectile and
the residue were detected in coincidence using two one-
dimensional PSDs. The ejected 2C nuclei were measured
by a PSD (PSD-E) of 100 um in thickness and 45mm
x8mm in area, placed 150 mm apart from the target. For
the 70 residues, a 500 um thick PSD (PSD-R) with an
effective area of 45 mm x7mm was used at a distance of
115 mm from the target.
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In the measurement of the *°O(*3C,*2C[2{])'7O[gs.,
1st] and 1°O(*3C,2C[g.s.])17O[1st] reactions, it was im-
portant to be sure that the 2C nuclei in the whole angular
range covered by the PSD-E be detected in kinematical co-
incidence with the recoiling 17O residues. For this purpose,
a slit having an aperture of 36 mm in width and 2 mm in
height was placed in front of the PSD-E, whereas no slit
was used for the PSD-R. For correctly locating the beam
with respect to the detectors, the vertical position of the
beam on the target was adjusted so as to cause the max-
imal yield in the coincidence events. The PSD-E and the
PSD-R covered the angular ranges of 14.2° < 0y, < 27.8°
and —66.0° < 0,1, < —44.0°, respectively.

A measurement with another set-up, covering the an-
gular ranges of 12.2° < 01,, < 25.8° by the PSD-E and
—71.0° < B, < —49.0° by the PSD-R, was made to ob-
serve the 1°0(*3C,12C[g.s.])17Olg.s., 1st] reactions. In this
case, the target foil was tilted by 10° so that the 17O recoils
would see the same target thickness as in the above mea-
surement of the (13C,12C[2]]) reactions. We also made a
measurement of vertical distribution of the 7O recoils by
placing the PSD-R perpendicular to the reaction plane.

Additional single measurements of elastic scattering
using the PSD-E were carried out from time to time to
monitor the target thickness. The thicknesses of oxygen
and silicon were estimated from the optical model analy-
sis to be 5.9 and 6.0 ug/cm?, respectively. The thickness
of the carbon foil was estimated to be 17 ug/cm?. It was
found that the thicknesses of oxygen and silicon were con-
stant during the experiment, while the carbon thickness
increased linearly with the integrated beam charges due to
the carbon build-up effect. The energy shifts of the oxygen
recoils obtained in the coincidence measurement indicated
that the carbon deposit grew equally on both the surfaces
of the target foil. The irradiation spot on the target was
changed at some times by vertically moving the target
holder so that the total deposit of carbon did not exceed
12 pg/cm?.

An auxiliary measurement for the cross section of the
« transfer reaction '0(3C,'70)!2C[2]] was also made
at forward angles to see its contribution to the 16O(13C,
12C[211)Y70 measurement.

3.2 Examination of instrumental resolution

Since in the present experiment the information of both
angles and energies of the particles is of crucial im-
portance to extract the polarization tensors of 2C[2]],
the performance of the detectors and the geometry of
the experiment were carefully examined experimentally.
The effect of the finite beam spot size on the target
was also the subject of examination in determining the
practical detector solid angles and energy resolution. For
this purpose, elastic scattering of '*C on 7Au and the
160 (13C,12Cg.5.])170lg.s.] reaction were used.

The PSDs were calibrated in position and energy us-
ing the elastic scattering of *C on gold. Two screens,
each with 21 regularly spaced rectangular apertures were
placed in front of the PSDs to geometrically define the
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position of particle incidence on the detector (i.e., particle
emission angle from the target). From this measurement
both of the PSDs were found to have an energy resolution
of 135keV in FWHM and an angular resolution of 0.03°
for the 50 MeV 3C particles.

To see the practical energy and angular resolutions
for 12C and 70, the coincidence data obtained (with-
out the above-mentioned detector screens) in the experi-
ment for the °0(*¥C,12Clg.s.])170O[g.s.] reaction were ex-
amined. The deviations of energies and angles of 17O from
the kinematics calculation were calculated event by event
assuming that the measured 2C angles from the position
on the PSD-E were correct. From the distribution of the
energy deviation, the energy resolution for 17O was found
to be about 150keV, almost independent of the measured
12C angle. The '2C energy resolution of the PSD-E was ob-
tained by calculating the deviation of the measured energy
from the kinematics calculation based on the measured
12C angle. The resolution was obtained as a function of
the 12C angle to be typically around 150 keV in FWHM.

The derived '2C energy resolution, which was some-
what larger than 135keV as derived from the elastic scat-
tering on gold, includes the error in the kinematics calcula-
tion due to the uncertainty in the measured '?C emission
angle. The angle uncertainty for 2C which arises from
the multiple scattering in the target was estimated using
the formulae by Marion and Zimmerman [14] to be about
0.05° in FWHM, comparable to the angular resolution of
the PSD-E. The multiple scattering effect and the finite
position resolution of the PSD-E were estimated to be too
small to cause the observed energy broadening of the 2C.
From this fact, the difference of the above resolution values
was most plausibly attributed to the additional uncertain-
ties in the 2C angle arising from the finite beam spot size
on the target. The FWHM beam width in the horizontal
direction to reproduce the observed '2C line shape was
estimated to be 0.61 4+ 0.05 mm assuming Gaussian shape
for the beam intensity distribution and taking the E'/2
dependence of the intrinsic energy resolution of the PSD
into account.

The angular deviations of 17O from the kinematics, as
obtained in the above procedure for the PSD-R placed on
and perpendicular to the reaction plane, also showed the
effect of the finite beam width. The horizontal and vertical
distributions of the 7O angular deviations are compared
in Fig.2 at 0,,(12C) = 17.5° 4 1.0°. The difference be-
tween the horizontal and vertical angular spreads was due
to the difference of the beam widths in the corresponding
directions. Considering the angular spread caused by the
vertical aperture of the PSD-E for 12C, the FWHM beam
width in the vertical direction to reproduce the data of
Fig. 2 were obtained to be 1.2 & 0.1 mm. The determined
values of the FWHM beam widths in the horizontal and
vertical directions were consistent with the observation of
the beam profile during the experiment.

Figure 3 shows the FWHM horizontal angular spread
as a function of the measured 7O energy. The effect of
the angle errors of 12C caused by the multiple scattering,
the angular resolution of the PSD-E and the finite beam
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of 0 recoils from the '0O(**C,*?C[g.s.])!"Olg.s.] reaction at
O1a(*2C)= 17.5°, obtained as the angular deviations from the
kinematics calculation. The solid lines represent the calcula-
tions taking the effects of the beam size on the target, the
multiple scattering of 7O in the target and the angular reso-
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of the PSD for *2C is also considered in the calculation (b)
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Fig. 3. The horizontal angular widths (FWHM) of the recoil
nuclei from the **0(**C,*2CJ[g.s.])'"O[g.s.] reaction as a func-
tion of the detection energy of '7O. The solid line represents
the calculation taking the effect of the multiple scattering of
170 in the target and the angular resolution of the PSD-R into
account

size were estimated to be negligible. As seen in Fig. 3, the
FWHM of the horizontal angular spread of 17O was found
to be dominated by the multiple scattering effect and was
well explained by the inclusion of the intrinsic resolution
obtained from the separate measurement using a 24' Am
a source in conjunction with the assumption of a 1/F
dependence on the particle energy.
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4 Data analysis

The individual reaction channels were satisfactorily identi-
fied by requiring the coincidence events to fall in the spec-
ified regions in the residue angle vs. ejectile angle (fr —0g)
and the residue energy vs. ejectile angle (Fr — 0g) plots.
The regions adopted for the selection were determined
by considering the energy and angle uncertainties as de-
scribed in Sect. 3.2 to accommodate more than 99% of
the events of interest. The deviation from the two-body
kinematics due to the v ray emission was also taken into
account in this procedure. For each event thus selected,
the center-of-mass energy E. . of 12C was calculated from
the angle 60),, and the energy Ei,p,, both of which were as-
sumed to be correctly given by the measurement. Figure 4
shows the center-of-mass energy spectrum integrated over
15.5° < O1ap < 27.5°. The energy broadenings due to the
v ray emission are clearly seen in the peaks corresponding
to the (13C,'2C[2]]) reaction channels in the figure.

For examining the existence of contaminations from
reactions other than °O(13C,12C)170, the masses of the
ejectiles (Mg) and the residues (Mg) were calculated
event by event from the measured energies and angles
using the two-body reaction kinematics. Figure5 shows
the two-dimensional plot of the calculated residue mass
vs. the ejectile mass, for the events kinematically selected
as of 10(13C,12C[2]])'7O[g.s., 1st] in the above proce-
dure (lower figure). Also shown is the similar plot for the
events without the kinematical selection (upper figure).
These plots indicate the absence of significant contribu-
tion from the other reaction channels to the broadened
peaks of 160(13C,12C[2]])17O[g.s., 1st].

As seen in the center-of-mass energy spectrum
in Fig.4, the peaks corresponding to the °O(13C,
12C[2{1)*70Olg.s., 1st] reactions may include the contribu-
tion of the transitions to ?Clg.s.]+17O[4th to 9th]. Since
all these final states involve the neutron unbound states
of 170, the contributions of the three-body reactions of
16O (13C,12C)1"0* —150+n to the recoil broadened peaks
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tions (lower part) in the residue mass vs. the ejectile mass

were examined. The three-body components were identi-
fied by calculating three-body reaction ) values event-
wise from the measured angles and the energies of the
ejectiles and the residues.

The three-body ) value spectrum integrated over
15.5° < G1.,(12C) < 27.5° is shown in Fig.6a. Only the
events for which neutrons were calculated to be emitted
in a specified hemisphere in the moving frame of 17O
were selected to avoid the mixing of the transitions to
12C2f14+170O[g.s., 1st]. A single peak centering at Q g, =
—4.947 MeV for the reaction *C+160 —12C+100+n is
clearly seen in this figure. Figure6b shows the center-
of-mass energy spectrum of '2C reconstructed from the
three-body events.

The contamination spectra in the
16Q(13C,12C[21)Y7O[1st] two-body spectrum (Fig. 7a),
obtained by additionally requiring the calculated three-
body @ values to fall between —4 MeV and —6 MeV, is
shown in Fig. 7b. The events of 60 (13C,*2Clg.s.])!7O[8th,
9th] succeeded by the v decay were also collected (Fig. 7c)
by requiring the events to fall in the corresponding
regions in the fr - 6g mapping. Comparing these
spectra, the contributions of the three-body reactions
16O(13C,12Clg.s.])1"OBth to 9th] —'%0+n and the
two-body  reactions  190(13C,!2C[g.s.])}7O[8th, 9th]
—170+4~(s) are obviously negligible.

The '2C[g.s.]+170[4th] peak in the broadened peak
of 12C[27]+'7O[g.s.] and the peaks of transitions to
12C[g.s.]+170[5th to 7th] succeeded by the v decay could
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Fig. 6. (a) Three-body @ value spectrum and (b) center-of-
mass energy spectrum of 12C for '3C+'*0—2C+'%0+n, in-
tegrated in the angular range of 15.5° < Hlab(mC) < 27.5°

not be extracted in the above procedure. However, the
contributions of 12C[g.s.]4+17O[5th, 7th] were likewise con-
sidered negligible from the relative intensities seen in
Fig. 6b. In the following analysis, all these contaminations
were basically ignored and the possible effects of those
of 12C+170Q[4th] and 2C+'7O[6th] were examined in the
peak profile analysis.

5 Analysis of recoil broadened *C line shape
and polarization tensors

The '2C line shape without the 7 ray recoil broad-
ening was estimated from those of the *O(*3C,
12C[g.s.])17O[g.s., 1st] reactions. As described above, the
intrinsic energy resolution of the PSD, which varies as
E'2 and the angle uncertainty caused by the finite size
of the beam spot on the target were taken into account.
The line shape was calculated in the laboratory frame as
a function of 12C energy in the laboratory frame and then
transformed to the center-of-mass frame.

Since the detector geometry adopted was based on the
consideration that all the 17O recoils corresponding to the
~ ray emitting '2C ejectiles from the point source be de-
tected without any loss, the vertical beam width and the
multiple scattering were expected to cause some counting
loss of 170 depending on the polar angle of the y ray emis-
sion from '2C. In order to know the coincidence efficiency,
a simulation was made, taking all these effects into account
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Fig. 7. (a) Angle integrated center-of-mass energy spec-
trum of *2C for the *O(*3C,"2C[2]])'"O[1st] reaction. (b)
The contributions of the '°0(*3*C,*?C[g.s.])'"O* —'%04n re-
actions in the spectrum (a). (¢) The contributions of the
15013, 12Cg.s.])"O[8th, 9th] reactions followed by the v ray
emission

following the experimental observation in Sect.3.2. The
beam shape was assumed to be Gaussian and the v ray
emission probability to be independent of the azimuthal
angle ¢,. The estimated coincidence efficiencies for the
160 (13C,12C[1271)170lg s., 1st] reactions were found to be
in the range of 80 to 98%, depending on the detection an-
gle 01,1, of 12C. For a fixed 6y, (12C), the efficiency varied
with 6, within 5%.

The least squares fit of (5), folded by the unbroadened
line shape and multiplied by the coincidence efficiency, to
the observed recoil broadened peak was carried out. Ex-
amples of the fits for the 1°O(13C,12C[2]])!7O[g.s., 1st]
reactions at 6, = 19° are shown in Fig. 8 together with
the unbroadened peak profile. The fitting regions of the
12C[2{]+170[g.s.] spectra were chosen to include the small
unbroadened 12C+!7O[3th] transition and in the case of
12C[2f]+170[1st] to avoid the contamination from the
12C[2f]+170[g.s.] transition (see captions to Fig.8). The
fitting was performed for all the spectra at different center-
of-mass angles ©. . with angle bins of AO.,, = 1.8°.

The derived top and t49 values and the cross sections
are presented in Fig.9 against the center-of-mass angle
of 12C. The fitting results clearly showed the presence of
t40. The assumption of the Gaussian shaped beam profile,
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Fig. 8. The center—of-mass energy  spectra  at
Olab(*2C) = 19° for the (a) *O(**C,*?C[g.s.])*"O[1st], (b)

1013 C,2C2f )" 0[g.s.] and (c) '°O(*3C,'2C[2{])'"O[1st]
reactions. The solid curves represent the fitted line shapes.
For the "2C[2{]4+'7O[lst] transition, the data in the region
between E; and E> have been used in the fitting procedure

which was used to estimate the coincidence efficiency, did
not essentially affect the fitting results, and a change of
the vertical beam width from 0 to 2mm was found to
cause shifts of £0.01 and £0.002 in the t5g and t49 values,
respectively.

To examine the effect of the possible contamination of
12C[g.s.]+70O[4th] in the '2C[2{]+'7Olg.s.] channel and
of 12C[g.s.]4+170[6th] in the 2C[2]]+17O[1st] one, analy-
ses which included their contributions as fitting para-
meters were also carried out. The contamination in the
12C[2{]+170O[g.s.] channel was found to affect the result
only negligibly and that in the '2C[2]]+'7O[lst] channel
to shift the to9 and t49 values by no larger than the error
limits presented in Fig. 9.

The inclusion of a finite ¢, with ¢ # 0 was also ex-
amined by artificially introducing some finite values. This
was because if the coincidence efficiency is not 100%, tk,
with ¢ # 0 may not vanish in (5) due to the incomplete
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and tio for the (a) 'CO(*3C,"2C[2{])'"O[g.s.] and (b)

o3¢, 12C[27]) " O[1st] reactions. The dashed curves represent the one-step DWBA calculation without spin-dependent in-

teractions. The dotted ones are the calculation introducing the
spectroscopic amplitudes given in Table 2 is shown by solid lines

integration of (4) over ¢,. The maximal shifts of toy and
t40 in this case were estimated to be less than their error
limits for the possible presence of the finite 5, with ¢ # 0.

6 Theoretical analysis

The present data were compared with the DWBA and CC
calculations using the codes TWOFNR, [15] and FRESCO
[16], respectively. In both calculations, the internal wave-
functions of the neutron were calculated using the Woods—
Saxon type potentials with » = 1.25fm, ¢ = 0.65fm and
Vi.o. = 6.0MeV. The depths of the central potential were
determined so as to reproduce the binding energies of the
transferred neutron.

6.1 DWBA analysis
6.1.1 One-step DWBA prediction

The DWBA calculation was carried out assuming that
only the one-step p shell neutron stripping process from
13C contributes to the reactions. The optical potential
parameters of Woods-Saxon form for the ¥C+0 and
12C4170 systems as tabulated in Table1 were obtained
from the analysis of the elastic scattering data by Freeman
et al. [17] using the optical model code SEARCH [18]. It
was confirmed in Fig. 10 that the adopted optical poten-
tial in the entrance channel reproduces the measured elas-
tic scattering angular distribution well. The spectroscopic

L-I, potential (see Sect.6.1.2). The CC calculation with the

10° ¢ . . . . -
[ ELASTIC |
-1

« 0OF E
E = i
S I !
107 ¢ =
10 L ! ! !

10 20 30 40 50 60

Ocm. [degree]

Fig. 10. Elastic scattering cross sections of **C on 160 relative
to the Rutherford ones. The dashed curve is the optical model
calculation. The CC calculation is shown by a solid line

amplitudes listed in Table 2 were determined so as to re-
produce the magnitudes of the experimental cross sections
with fixing the amplitude of v(p;/2)®?Cl[g.s.] configura-
tion in 13C[g.s.] at the value given by Cohen and Kurath
[10].

Figure 11 shows the angular distributions of the cross
sections of 160(13C,12C[g.s.])17Olg.s., 1st] together with
the DWBA predictions. For the transition to 7Olg.s.],
the calculation satisfactorily reproduces the measured an-
gular distribution. The angular distribution calculated for
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Table 1. Parameters of the optical model potential of Woods—Saxon form, used in the DWBA and CC calculations for the

60 (*3C,2C)"0 reaction

Channel \%4 TR ar w 1 ar rc
1BC4190 DWBA 945 119 044 116 126 0.21 1.45

cC 945 1.17 047 116 126 021 1.45
12C[g.s.]+"Olg.s., 1st] DWBA 87.7 1.11 061 191 135 028 145
2C2f1+'"Olgs., 1st] DWBA 87.7 1.11 061 16.7 135 028 1.45
12C[g.s., 27]+*7Olgss., 1st] CC 87.7 111 0.61 100 1.35 028 1.45

Table 2. Spectroscopic amplitudes used in the DWBA and CC calculations for the '5O(**C,'2C)'7O reaction

System Neutron orbit Spectroscopic amplitude
(nlj) DWBA cC
170[g.s.] — n+'%0[g.s.] 1ds /2 0.900 0.900
70[1st] — n+'°0[g.s.] 251 /2 0.800 0.750
13Clg.s.] — n+'2Clg.s.] 1p1/2 0.783 0.783
13Clg.s.] — n+'2C[2]] 1p3/2 —0.900 (—1.500 *)  —0.600 °
13¢3/27] — n+'2Clgs) 1ps3 )2 —0.433
13C[3/27] — n+'2C27] 1p1 /2 —0.745 ®
1p3z/2 0.745
13C[5/27] — n+"2C[121] 1p1 /2 —0.745
1p3 /2 0.745 ®

# Value used in calculation when the spin—orbit potential is introduced.
> Opposite sign was used for input data to the code FRESCO for the internal consistency of the program.
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Fig. 11. Comparison of the measured cross sections of the
150(*13C,12Clg.s.)) reactions with the one-step DWBA (dashed
lines) and CC (solid lines) calculations with the spectroscopic
amplitudes listed in Table 2

170[1st] shows a too pronounced structure as compared
with the experimental data.

The DWBA calculations for the (}3C,'2C[2]]) re-
actions, presented in Fig.9, reasonably reproduce the
angular distributions of the cross sections and tg.

The possible contributions of the « transfer reac-
tions 6O(*3C,170)'2C[2]] at backward angles to the

(13C,12C[2{]) one at forward angles were estimated to be
three or four orders of magnitudes smaller than the ex-
perimentally observed cross sections. The estimation was
made by normalizing the « transfer DWBA calculation
to the measured cross sections at forward angles to give
a rough order of magnitude of the backward angle cross
sections.

The above results seem to justify the one-step DWBA
analysis for the (*C,'2C[2{]) reactions. However, it is to
be mentioned that the non-vanishing experimental £4¢ val-
ues clearly claim the defect of the present DWBA analysis,
suggesting that t49 provides a sensitive tool for investigat-
ing the processes to be added to the single p3/5 neutron
stripping assumed.

6.1.2 Spin—orbit interaction

In the case that spin-dependent interactions between the
colliding nuclei exist, the one-step DWBA predicts some
finite 49 values for '2C[2]]. Since the significance of the
spin—orbit (s.o.) interaction has often been speculated in
the heavy-ion induced one-nucleon transfer reactions [4-
6], we examined the contributions of the L-I, and L-I,
type interactions in the A(a, b) B reaction. The L-I g term
was omitted since it only affects the spin orientation of the
170 nucleus. The assumed interactions are of the form

Voo 1) = Vi (1 )2 (1)

e (520,

X__
rdr
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For the same geometrical parameters with those of the
real central potential, the L-I, and L-I;, interactions in
the ranges of 0MeV < Vi.;r, < 10MeV and —20 MeV <
Vi.r, < 10MeV were not found to give t49 values larger
than 0.05 for the O(*3C,'2C[2]])!7O[g.s.] reaction at
Ocm. = 35°. We examined the effect of the geometrical
parameters to find that the t49 values comparable in mag-
nitude with the experiment can be predicted when the
radius parameter is set larger than that of the real central
potential. For example, the L-I, potential with a depth
of 6 MeV, rg,. = 1.45fm and as,. = 0.5fm gives the t4
values shown in Fig. 9 without introducing the L-I, inter-
action. However, the calculation still fails to reproduce the
angular distributions of t49. The reproducibility of ¢3¢ be-
comes worse when compared with the calculation without
the s.o. interactions.

So far, no prediction of the folding potential
for '2C[2{]4+'7O has been available. The s.o. poten-
tial derived for 3C+!39Ba from the analysis of the
138Ba(14C,13C)139Ba reaction (V.1 = 3MeV, 14, =
1.45fm and as, = 0.5fm) has been suggested to be a
factor of 200 stronger than the folding model prediction
[5]. This, together with the theoretical expectation that
the folding model s.o. interaction is inversely proportional
to the reduced mass times the projectile spin [19], leads
to an estimation that the strength of the s.o. potential
presently obtained would be about 600 times larger than
the folding model prediction. Therefore, it would be unre-
alistic to attribute the non-vanishing t4¢ values to the s.o.
interaction.

6.2 CC analysis

The phenomenological spin—orbit potentials have often
been interpreted to arise from the effects of the couplings
between the ground and excited states or of the reorien-
tation couplings [5-7]. The above-mentioned strong L-I,
interaction may suggest a significant contribution of the
couplings in which the 12C[2]] state participates. The con-
tribution of the couplings between the ground state and
the 3/2;7 and 5/27 excited states in *C may also be of
importance since these excited states are considered to
be mainly of a neutron coupled with a '2C core in the
2f state. To investigate the coupling effects on the polar-
ization tensors and the cross sections, a calculation with
the couplings between the states in 12C and *C was per-
formed. The coupling and transfer mechanisms considered
in the calculation are illustrated in Fig. 12.

The deformation length (d2) and the Coulomb matrix
element (M (E2), see [16]) used for the excitation of 12C
were obtained from the reported B(E2) value of 42.0e? fm*
[20]. The parameters for the reorientation of 12C[2]] were
set consistently following the prescription by Carter et al.
[21]. The coupling parameters for 3C were derived from
the quadrupole deformation parameter of —0.428 found in
the t+13C inelastic scattering [22]. The optical model pa-
rameters for the '3C+100 and 2C+170 systems were so
determined that the CC calculation reproduces the mea-
sured cross sections of the elastic scattering (Fig. 10) and
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Fig. 12. Coupling and transfer processes considered in the
calculation

Table 3. Coupling strength parameters adopted in the CC
calculations

Nucleus Transition d2 M(E2)

(fm) (efm?)
12c 0f — 2f —1.480 —6.481
12c 2F —2f —1.480  7.746
13C 1/27 —3/2]7 —1.207 —6.381
13C 3/27 —3/27 —1.207  6.381
13C 1/27 —5/27 —1.207 —7.807
13C 5/27 —5/27 —1.207  8.346

the data of the elastic and inelastic scatterings in [17,23].
The optical model and deformation parameters used are
summarized in Tables1 and 3, respectively.

The calculation was made fixing the spectroscopic am-
plitudes of n+12C[g.s] at the values given in Table2. The
magnitudes of the n-+'2C[2]] amplitudes in 3C[3/2]]
were taken from [24] and the same values were tentatively
adopted for 13C[5/2]]. The results of the CC calculation
with the spectroscopic amplitudes in Table2 are shown
as the solid lines in Figs. 9 and 11. The CC calculation
gives the similar angular distributions of the cross sec-
tions of 150(*3C,*2C[g.s.])!"Olg.s., 1st] to the DWBA cal-
culation. For the (}*C,'2C[2]]) reactions, the CC calcula-
tion describes the cross sections and ¢y as reasonably as
the DWBA prediction without the spin-dependent inter-
actions. A significant difference between the CC and the
DWBA can be seen in the t49 values of '2C[2]]. The CC
calculation shows a remarkably improved reproducibility
for the t40 data.

To investigate the contributions of the multi-step
processes in detail, the calculations were carried out omit-
ting the neutron transfer process from '*C[g.s.] to *C[g.s.]
and/or those from the excited states of *C to 12C[2]].
As shown in Fig. 13, the CC calculations produce much
smaller t49 values if we assume that the transfer reaction
only takes place to 2C[2]] (dashed and dot-dashed lines).
This suggests that the multi-step process passing through
12(Q[g.s.], i.e. involving the excitation of '2C, plays an es-
sential role to cause the non-zero t4 values for 12C[2]].

It is also to be noted in Fig.13, that the calcula-
tion, which includes the important process via 2Clg.s.],
gives a wrong sign for t49, when the relative sign of the
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Fig. 13. CC calculations for '?C[2]] omitting either the transfer process from '*Clg.s] to >C[g.s.] (dot-dashed lines) or those
from 3C[3/27, 5/27] to C[2]] (solid lines), and the calculation with only introducing the transfer process from **C[g.s] to
12C[2]] (dashed lines). Also shown is the calculation with the n+'2C[2]] amplitudes of 0.85 (opposite in sign to Table2) for

13C[g.s.] and 0 for *C[3/27, 5/27] (dotted lines)

n+12C[27] and n+'2C[g.s] spectroscopic amplitude for
13C[g.s.] is reversed (dotted lines). In this case, addi-
tion of the transfer processes from *C[3/2, 5/2]] was
found to be unable to predict the magnitudes of ¢4y for
160(13C,12C[2]]) 7Olg.s.], irrespective of the signs of the
spectroscopic amplitudes for the excited states of 3C (not
shown in the figure). These observations suggest that t4o
may serve to determine the sign of the n+'2C[2]] spec-
troscopic amplitude relative to that of n+'?Clg.s.] for
13C[g.s.].

The angular distributions of the polarization tensors
are also influenced by the sign of the n+!2C[2]] spec-
troscopic amplitudes for the excited states in '3C. It was
confirmed that the calculation with the signs of the ampli-
tudes for 13C[3/27, 5/27] given in Table?2 gives the best
description of the experimental data. Since, however, the
tensor terms are seen to be less sensitive to the transfer
processes from the excited states of *C than that from
13C[g.s.], the definitive claim for the sign of the spectro-
scopic amplitudes for *C[3/2], 5/27 ] seems to be difficult
to make.

Although the calculations were also examined for dif-
ferent magnitudes of the spectroscopic amplitudes for 13C
[3/21, 5/27], the better description of the data could not
be obtained. We further examined the effects of the cou-
plings between the elastic and inelastic channels to the
excited states of 0 and '70. None of the couplings were
found to cause a sizable modification in the prediction for
the t49 values.

7 Summary and discussion

The 160(*3C,*2C)70 reaction at an incident energy of
50MeV was studied experimentally. The measurements
were carried out by detecting both the ejectiles and the
residual nuclei using two one-dimensional PSDs. The re-
action channels were well resolved using the kinematical
relations of the two-body and three-body reactions. From
the line shapes of the 2C[2]] particles broadened due to
the v ray emission, the polarization tensors toq and t49 of
12C[2]] with the quantization axis taken along the direc-
tion of propagation were obtained. The polarization tensor
elements have been shown to make a good probe for the
inherent reaction mechanisms by contrast with the fact
that the one-step DWBA calculation without the spin-
dependent interactions predicts vanishing values.

The experimental ¢4 values deduced for the **O(*3C,
12C[2{1)*70Olg.s., 1st] reactions largely deviated from zero.
The phenomenological spin—orbit potential necessary to
reproduce the experimental t49 values turned out to be
much stronger than the folding model prediction. The
experimental data were found to be reasonably repro-
duced by the calculations taking the couplings between
the ground and excited states of 2C and '3C into ac-
count. The multi-step process passing through 2Clg.s.]
was considered to be the most important mechanism to
cause non-zero values of t49. The signs of the spectroscopic
amplitudes of the v(p1/2)®'C[g.s.] and v(p3/2)@'*C[2]
configurations in 3C[g.s.] were found to be opposite with
each other to correctly predict the measured t4g values.
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It should be noted that, if one diverts attention from
the t49 values, the one-step DWBA would be considered
successful in describing the reactions. The present inves-
tigation has revealed that the reproducibility of the cross
sections and toq is not enough to justify the DWBA, and
the 4th rank polarization tensor provides crucial informa-
tion to determine the actual reaction mechanisms.

The spectroscopic factors (squares of the spectro-
scopic amplitudes) of 3C[g.s.] used in the DWBA cal-
culation without the spin-dependent interactions were in
reasonable agreement with the values derived from the
DWBA analysis of the *C(p, d)'?C reaction [25,26]. How-
ever, the present coupled channel calculation predicts that
the spectroscopic factor of n+'2C[2]] relative to that of
n+12Clg.s.] should be about one-half of the value from
the DWBA analysis. This may imply that the multi-step
processes involving the excitations of 12C and '3C also sig-
nificantly contribute to the proton induced reaction. The
investigation of the higher rank tensors of 12C[2]] for the
light-ion induced transfer reactions on '3C would be of
interest to shed a new light upon this problem.
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