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As part of a systematic study, the (d, Li) reaction has been measured at a bombarding energy of
80 MeV on Ne. Angular distributions were obtained in an angular range of 8 to 35' (lab). In the
framework of finite-range distorted-wave Born approximation calculations, alpha spectroscopic fac-
tors were extracted. The strong collectivity of the low-lying states suggests the necessity of employ-

ing a coupled reaction channels formalism in the analysis. Indeed spectroscopic information arising
from one-channel distorted-wave Born approximation calculations reveals significant differences be-

tween experimental and theoretical results. Furthermore, the shapes of some experimental angular
distributions are not fitted by the distorted-wave Born approximation method. Both give indications
of an insufficiency of the simple one-channel calculations —at least for strong collective states.

I. INTRODUCTION

An investigation on the structure of low-lying positive-
parity states in ' 0 (Ref. 1) resulted in the conclusion that
the major components of the wave function for all
positive-parity states below 7.2 MeV ( & 95&o in all cases)
arise from the (Od5~q, is&&2) model space plus one core-
excited collective state of each of the spins 0+, 2+, and
4+. These collective states are roughly the second 0+
state at 3.63 MeV, the third 2+ state at 5.25 MeV, and the
second 4+ state at 7.11 MeV excitation energy. Based on
those results one might expect that the properties of the
pickup strengths in the transfer reaction - Ne(d, Li)' 0 to
most of the low-lying levels should be well described by
calculations of alpha spectroscopic factors from complete
d5)2-s, (2-d3/2 shell-model wave functions as generated by
the Chung-Wildenthal interaction. In order to test this
hypothesis, the alpha-transfer reaction leading to final
states in ' 0 has been measured at a deuteron energy of 80
MeV.

In a first step the analysis was performed in the exact
finite-range distorted-wave Born approximation (FR-
DWBA). The results are discussed and compared to
shell-model predictions. The lack of agreement between
experimental and theoretical results suggests the need for
coupled channel calculations. The necessity of taking this
complicated reaction mechanism into account is investi-
gated by coupled reaction channel (CRC) and coupled-
channel distorted-wave (CCDW) calculations.

energy. The experiment was performed using convention-
al b E Esurface -barrier detector techniques. Two tele-
scopes were used during the experiment; the thickness of
the hE and E detectors was 100 and 1000 pm, respective-
ly. The particle identification was sufficient to ensure
separation between the outgoing Li and 'Li ions. A gas
cell filled at a pressure of 300 Torr at 25'C (correspond-
ing to an equivalent target thickness of 0.8 mgjcm at 20'
reaction angle for the present setup) with Ne gas isotopi-
cally enriched to 95.3% of -Ne was used as the target.
Counts arising from impurities, mainly Ne, are observ-
able in the energy spectra but have no significant influ-
ence on the low-lying states. A typical spectrum of the
-'Ne(d, Li)"0 reaction, taken at 9~,„——15.0', is shown in
Fig. 1. Only an excitation energy range up to 11 MeV is
displayed as no significant peaks were observed at higher
excitation energies. Seven peaks have been clearly identi-
fied and were analyzed, at least one of which (peak No. 7,
at excitation energy of about 9.4 MeV) appears to be an
unresolved doublet ~ The incident beam current was con-
tinuously monitored by a Ge(Li) detector at an angle of
30 laboratory relative to the beam direction. The ratio of
the deuteron yield elastically scattered into the monitor
counter to the integrated charge collected in a Faraday
cup v as used to ensure the accuracy of the determination
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II. EXPERIMENTAL PROCEDURE

The 80-MeV deuteron beam from the Julich Isochro-
nous Cyclotron JULIC was used to measure angular dis-
tributions of the Ne(d, Li)' 0 reaction in the angular
range of 8 to 35' laboratory. An excitation energy range
up to 30 MeV was covered, but states excited with signifi-
cant strength were observed only up to 10 MeV excitation

60-

10 8 6 4

Ex(MeV)

I I

2

FIG. 1. Energy spectrum of the '
Ne(d, Li)' Q reaction.
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of the relative cross sections at the various angles; this ra-
tio was always constant within 5%. The absolute cross
sections were determined by the integrated charge only
and are believed to be accurate within 20%, as long as this
uncertainty is less than the errors arising from counting
statistics.

Because of the rather small cross sections, it was neces-
sary to use a high intensity achromatic beam, ra~ging
from 10 nA to 1.3 pA on the target, depending on the re-
action angle. In addition to the energy spread of the beam
itself, contributions from the target thickness, gas cell
walls, and angular acceptance of the detectors resulted in
an overall energy resolution of typically 350 keV full
width at half maximum (FWHM).

III. EXTRACTION OF SPECTROSCOPIC FACTORS
BY 0%'BA ANALYSIS
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The experimental angular distributions were compared
to finite-range DWBA calculations to extract alpha spec-
troscopic factors. The DWBA code LoLA (Ref. 4) was
employed in the "post" representation assuming an
alpha-cluster transfer. Parameters for the bound state
wave function of the alpha cluster (in the target nucleus
and in the outgoing Li particle) were chosen as described
earlier. The deuteron optical-mode1 potential was sdect-
ed basically according to Ref, 6; however, the spin-orbit
part of the potential was neglected. Further details on the
choice of the parameters are presented elsewhere. For
the Li optical-model potentials, the parameters are basi-
cally those of Chua et al. ; the depth of the real well was
adjusted to fit the experimental ground-state transfer

Ne(d, Li)' 0 angular distribution.
A DWBA calculation using a Li potential depth of

Vz ——203 MeV for the real volume part [close to the value
of VR ——210 MeV used before for the Ne(d, Li)' 0 reac-
tion) fits the data very well as can be seen in Fig. 2 by the
dashed line. However, as argued ear1ier and based on the
systematic study by Lezoch et al. , a real potential depth
of 153 MeV for the Li optical potential seems to be more
physical. This sma11er potential depth leads to the same
quality of fit between DWBA prediction and experimental
angular distribution shape for the ground-state transition,
as demonstrated by the sohd hne in Fig. 2. Qualitatively
the same result is observed for the excited states and,
furthermore, the relative spectroscopic factors extracted
for final states in ' 0 (relative to the ground-state transi-
tion) are identical within 8% using either of the potential
depths. Figures 3 and 4 show experimental angular distri-
butions for final states in ' 0 which are rather strongly
excited in the (d, Li) reaction on Ne. The experimental
ground-state spectroscopic factor [relative to the

Ne(d, Li)' 0 g.s. transition] increases insignificantly
from 0.25 to 0.29 for the Li potential depths of 203 and
153 MeV, respectively, compared to the predicted theoret-
ical values of 0.55 and 0.34, resulting from she}l-model
and SU(3) (Ref. 10) calculations, respectively. The
optica&-model parameters used in the final analysis are
given in Table I.

Table II summarizes the results obtained in the present
investigation, compared to values given in the literature"

V'R'=203 9 V

and predicted by shell-model calculations. 3 It is interest-
ing to note that the shell-model calculations, which were
done in the full d, &2, s, &2, and 13/2 model space, predict
no state in ' 0 between 4.03 and 8.21 MeV excitation en-
ergy except for the unnatural-parity 3+ state at 5.529
MeV. The structures of states in this excitation energy
range obviously involve hole contributions from the lower
lp shell of the ' 0 core.

It is seen from Fig. 1 that the (d, Li) reaction excites
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FIG. 3. Experimeatal angular d jstributions for the
Ne(d, Li~i80 reaction compared to FR-D~BA calculations.

Only statistical errors are included in the data.

c.m.

FIG. 2. Ground state transition angular distribution com-
pared to FR-D%'BA calculations using different I.i optical po-
tential depths. Only statistical errors are included in the data.
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FIG. 4. Experimental angular distributions for the
Ne(d, Li)' 0 reaction compared to FR-DWBA calculations.

Only statistical errors are included in the data.

selectively six peaks up to an excitation energy of 8 MeV.
This is qualitatively in agreement with the same type of
data measured with high resolution at Ez ——55 MeV. '

IV. DISCUSSION OF THE RESULTS
IN THE DWBA FORMALISM

The extraction of spectroscopic factors employing the
DWBA formalism presumes the validity of a one-step
direct reaction mechanism. Furthermore, in the cases of
experimentally unresolved higher excited levels it is as-
sumed that each of the incoherently combined DWBA
curves would fit the corresponding angular distribution
for the individual state, an assumption which has been
used frequently in the literature; see, e.g., Ref. 7.

The ground state (peak I) and the first excited state
(peak 2) are supposed to consist of wave functions mainly
represented by d5&2 and s&&z components. ' Shell-model
calculations from complete d»2-s»z-d3/2 wave functions
are expected to predict the spectroscopic information
reasonably well; and in fact, within a factor of 2, experi-
mental and theoretical relative spectroscopic factors agree
with each other. In view of the estimated experimental
error (20%), however, this factor of 2 is significant and

too large to be ignored. The experimental angular distri-
butions are rather well described by FR-DWBA calcula-
tions, except that for the 2+ final state some disagreement
is observed for angles smaller than 15'.

The present experimental setup does not resolve the two
states known within the excitation energy range of peak 3
in Fig. l (4+ at 3.555 MeV and 02+ ——3.634 MeV). The
angular distribution of this peak ( E„=3.57 MeV) is
shown in Fig. 3 and indicates a dominant angular momen-
tum transfer of L =4. However, a reasonable fit to the
data is achieved only if an L =0 contribution is also taken
into account (the solid line in Fig. 3 for E„=3.57 MeV is
an incoherent summation of 70% for L =4 and 30% for
L =0 FR-DWBA predicted strength). The extracted
spectroscopic factors are given in Table II in the limits of
no L =0 and 30% of DWBA predicted L =0 strengths,
leading to a 0+ relative spectroscopic factor between 0
and 0.27. Even the spectrum of the high resolution exper-
iment' does not clearly resolve both final states. Howev-
er, it again indicates that the strength of this 02+ state
should be less than about 20% of the ground-state transi-
tion strength. The shell model, on the other hand,
predicts a relative spectroscopic factor (0.05 relative to the
ground-state transition) which is so small that its excita-
tion would be barely observable in the present experiment.
The apparent disagreement between the experimental re-
sult and the shell-model calculation for this 0+ state is
understood as being due to the limited shell-model space.
According to Ref. l, 75% of the wave function for the Oq+

state is due to core excited components, ' the sum of the
(d~&2)D and (s&&z)0 intensities being only 0.25. In this
sense the agreement between experiment and prediction
is, in fact, rather good since in lowest order only a sma11
fraction of the experimentally observed strength is expect-
ed to be predictable by the (sd) shell model. The upper
limit of the relative experimental spectroscopic factor has
been determined to be 0.27 (see Table I and discussion
above), which would lead to an upper limit of the relative
spectroscopic factor due to sd-shell components of only
0.07, in good agreement with the predicted value of 0.05.

The experimentally known' 22+ state at 3.92 MeV exci-
tation energy has, according to the shell-model calculation
(4.034 MeV), a small spectroscopic factor (0.02 relative to
the ground state, i.e., —, of the strength of the first excited
2~+ state). Qualitatively this result is in agreement with

TABLE I. Optical model potential parameters' used in the analysis (potential strengths in MeV, lengths in fm).

Particles

d+ Ne
6Li+ 18'
Bound states

VR

—74.76
—153.0

d

125 '
1 30
0 97'

0.79
0.70
0.65

—3.969
—12.4

1 33"
1.70

QI

0.677
0.90

9.62 133

QD

0.677 1.30"
1.40"

'The analytical expression of the optical potential is

V= V, + V„f(r Rq, aq)+iWqf(r Ri, aj)+iWa4aD[d /dr f(r RD, aD)] with f(r, R~, a~)= [)+exp[(r —R~)la„]]

Rg jg(A +4 ) y N RyIyD
Potential depths of the bound states for the systems "a particle in target" and "o. particle in Li" adjusted to fit the a-particle separa-

tion energies.
'For the ZR calculations the value of 1.15 was used; see Ref. 6.
For the ZR calculations a bound state radius parameter of 1.00 fm was used.
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TABLE II. Results of the FR analysis of the Ne(d, Li)' 0 reaction.

Present Shell model

E„(MeV)
Ref. 11

0.000
1.982
3.555
3.634
3.920
4.456
5.098
5.260
5.336
5 ~ 378
5.530
6.198
6.351
6.404
6.880
7.117
7.618
7.77
7.860
7.977
8.038
8.126
8.216
8.287

Many
more
levels

0+
2+
4+
0+
2+
1

3
2+
0+
3+
2
1

(2 )'
3
0
4+
1

2
(4+)

(3+,4 )

1

5
2+
3

Peak
No. in

Fig. 1

E„(MeV)

0.00
1.98
3.57

3.9

5.10

6.30

7.8

9.4

a

1(0.27)'
0.16

0.64~0.57
0.0~0.27

& 0.04

0.91
0.40

0.52

0.39

)0. 18'

E„(MeV)

0.000
2.000
3.519
4.016
4.034

5 ~ 529

8.209
9.446
9.449
9.514

10.101
10.253
14.384
14.486

J7P

Ref. 3

p+
2+
4+
p+
2+

4+
1+
2+
3+
1+
2+
0+
2+

~re)a

1(0.55)'
0.07
0.84
0.05
0.02

0.03

0.08

0.01
& 0.01
& 0.01

'See text for discussion.
The actual value depends on the spectroscopic factor of the not resolved 0+ state; see the text.
Assuming g =7; i.e., this is the lower limit; see the text.
Uncertainties in the measured excitation energies are estimated to be 40 keV for E„&6 MeV, or else 100 keV.

'Spectroscopic factors relative to the" Ne~' O(g.s.) transition in parentheses, otherwise relative to the Ne~' O(g.s.) transition.

the present data and with the high resolution spectrum of
Ref. 12. Since this level is close to peak 3, has a low yield,
and is superimposed on some background, its yield has
been extracted at only a few angles. From these limited
data, the estimated relative spectroscopic factor is less
than 0.04, and therefore in the sense of being small it can
be regarded as being in good agreement with the shell-
model prediction (0.02). The wave function of this 22+

state is supposed' to consist of 75% of (d5&2)2 and
(d&&2, st~2)2 contribution.

The peak observed at 5.10 MeV (No. 4) excitation ener-

gy is probably due mainly to the excitation of the known"
3 state at 5.098 MeV. The FR-DWBA prediction, how-
ever, fits the angular distribution data, as seen in Fig. 3,
only if a certain fraction of L &3 transfer strength is in-
cluded. Since from the energy scale and energy resolution
point of view the 1 state at 4.456 MeV is excluded, we

conclude that the states of this peak are excited by L =2
and 3 transfer strength leading to the final states 23+ and
3t . The relative spectroscopic factor extracted this way
for the 23+ state is 0.40 (see Table II). The spectrum of
Ref. 12 indicates that this has to be considered as an
upper limit and that a value of at least a factor of 3 small-
er might be more realistic. In this case the FR-DWBA fit
would be rather poor, as shown for the limit of no L =2
strength by the dotted line in Fig. 3.

The angular distribution of peak 5 (Fig. 3) with an exci-
tation energy centered at 6.30 MeV seems well described
by an incoherent sum of L = 1 plus L =3 angular
momentum transfer. In the (d, Li) experiment at 55 MeV
(Ref. 12) the strength at this excitation energy range
seems to be dominated by the yield for populating the 3
state at 6.4 MeV, but the present angular distribution
seems to include considerable L =1 strength due to the
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If these states were to consist mainly of three holes in the
' 0 core (Q =5), the spectroscopic factors given in Table
I for negative-parity states would increase by a factor of
up to 4. In that sense the values given for these states are
regarded as lower limits.

At excitation energies of 7.8 and 9.4 MeV two peaks are
observed, which very likely (i) involve more than the yield
of one single final state, and (ii) reveal core excited nuclear
structure. The compilation" lists several states near 7.8
MeV, including one with J =1 at 7.618 MeV. States at
7.86 and 7.977 MeV have uncertain J, but the latter is
probably of unnatural parity (3+ or 4 ). An L =1 curve
gives an adequate account of the data, but L =2 cannot
be ruled out, whereas higher L transfers seem to be inade-
quate. Investigations' of ' 0 by the ' C(' 0, ' C)' 0 re-
action suggest a state at 7.8 MeV with a spin-parity as-
signment of 2+, which is interpreted as having a 6p-4h
configuration. The relative spectropscopic factor extract-
ed in the present work would be 0.2 (1.3) [15] considering
this state to be of pure 2p-Oh (4p-2h) [6p-4h] nature.
Since the angular distribution shape is not sensitive to the
number of particle-hole configurations, the structure of
this level cannot be decided in the present investigation.

Figure 4 displays also the angular distribution of the
9.4 MeV peak. An L =2 transfer is consistent with the
data; lower L values, however, cannot be excluded. Ten-
tatively, L =2 is assigned; the spectroscopic factor given
in Table II indicates the lower limit, since likely particle-
hole contributions were not included.

Figure 5 coinpares extracted a spectroscopic factors for
the lowest 0+, 2+, and 4+ levels with those calculated in
the shell model, both being normalized to 1.0 for the g.s.
Firstly, relative to S for Ne~' 0(g.s.), the experimen-
tal S for Ne~' 0(g.s.) is only 0.27 (Table II), whereas
in the shell model this ratio is 0.55. Since the absolute

0+

0.8-
V)

C
0.6-

Q))
~ O.a-
QP

0.2-

2

known" 6.2 MeV 1 state. The negative-parity states in
' 0 consist of at least one hole in the p shell and therefore
the spectroscopic factors are calculated with the quantum
number for the relative motion

4

Q=2N+L = g (2n;+1;)=7 .

cross sections are believed to be accurate to 20%, the fac-
tor of 2 discrepancy between relative experimental and
theoretical results seems to be significant. It may be that
the ' 0 spectroscopic factor is too small or perhaps that
for ' 0 is too large, having been enhanced through core-
excited components in 160(g.s.}, which are larger than in
' 0(g.s.).

Relative to S (' 0(g.s.)), the experimental value of
S~(2i+) is slightly larger than predicted, whereas that for
S~(4i+) is somewhat smaller than the shell-model value.
We do note, however, that both the experimental and
theoretical spectroscopic factors are quite small for 2i .
The small cross section for the 1.98 MeV state and the
failure to fit its angular distribution lead us to consider
other reaction mechanisms, which we now discuss.

V. HIGHER ORDER PROCESSES

In view of the rather strong deformation of Ne and
' 0 we investigate the importance of coupling of the reac-
tion channels. In this analysis, attention is restricted to
the 0+, 2+, and 4+ states. The coupling scheme used for
the calculations is shown in Fig. 6. Transitions froin Ne
to ' 0 are preceded or followed by inelastic excitations.
Reorientation effects' with L =2 are taken into account
for the 2+ state in either nucleus.

Spectroscopic amplitudes for transitions from the
members of the ground state band in the target nucleus to
final states in the residual nucleus were calculated using
the shell model code of Chung et a1. ; the results are
presented in Table III. The numbers listed are the spec-
troscopic factors relative to that for the ground-state to
ground-state transition with the phases of the spectroscop-
ic amp/itudes for final states in ' 0, ordered by the indi-
vidual angular momentum transfer (L). In the CRC cal-
culations described below only a subset of the values given
in Table III is used (see Fig. 6), viz. , the spectroscopic fac-
tors and phases of the spectroscopic amplitudes leading
from the 0&+ and 2~+ states in Ne to the final states 0&+,

2&+, and 4&+ in ' 0; the other numbers are given for corn-
pleteness.

An inspection of Table III indicates that, e.g. , the 2i fi-
nal state in ' 0 has a small relative spectroscopic factor
(0.068) for the direct one-step transition, whereas the spec-
troscopic factor for the direct transition to the 4i+ state
(0.842) is nearly as large as the ground state transition
(1.0). This theoretical result already suggests that routes
other than the direct one-step path may play important
roles in exciting the 2i+ state (e.g. , via the ground state

0 2
Excitation Energy ( MeV j

FIG. 5. Relative spectroscopic factors for the members of the
ground state band in ' O. The full points (solid lines) denote ex-
perimental (theoretical) spectroscopic factors relative to the
ground state transitions.

2

0+ Ii iI P+

22Ne 18p
FIG. 6. Coupling scheme used for the CRC calculations.
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TABLE III. Sign of spectroscopic amplitudes and spectroscopic factors for the transition Ne~ "O.

Final states
I SO

J, E„""(MeV)

- Ne(0& ), E„""=0.00 MeV
L =0 L =2 L =4

Initial states
Ne( 2

~ j, E„"'= 1.39 Me V
L=0 L=2 L =4 L =6

-'-Ne(4~ ), E„"'=3.42 MeV
L=O L=2 L=4 L=6 L=8

Oi+

0+
Og+

0.00
4.02

14.38

—0.100
0.047
0.000

—0.607
0.045
0.001

—0.280
0.058

—0.000

2+

22

23
2+

2.00
4.03
9.45

10.25

0.068
0.023

—0.081
—0.013

—0.055 —0.000 —0.114
0.000 0.012 —0.030

—0.038 —0.036 0.019
—0.003 —0.003 0.006

0.335 —0.003 0.260
—0.005 0.061 0.009

0.026 —0.024 —0.005
0.004 —0.004 —0.002

4+
4+

3.52
8.21

0.842
0,029

—0.334'
—0.009

0.203" 0.235' 0.239
0.015 0.015 —0.002

0.201 —0.263 —0.160 0.135
0.001 —0.001 —0.006 0.017

Oi+

0+
0+

Final states
18O

E"" (Mev)

0.00
4.02

14.38

L=2
-'-Ne(6~ ), E„'""=6.26 MeV

L=4 L=6
0.017

—0.049
0.000

Initial states
-"Ne(81+), E"'=10.83 MeV

L=4 L=6 L=8
0.136
0.041

—0.000

2 f+

2+
2)+

24+

2.00
4.03
9.45

10.25

0.551
—0.006

0.007
0.004

0.005
—0.142

0.011
0.005

0.312
0.008

—0.000
—0.000

0.509
—0.002

0.000
0.002

—0.000
0.333

—0.006
—0.001

4+
4+

3 ~ 52
8.21

—0.227
0.005

0.241
—0.000

0.108
0.003

—0.154
—0.002

0.132
—0.005

0.054
0.001

—0.220
0.000

'The phases of these equivalent spectroscopic amplitudes were inverted in the final calculations.

and/or 4+ transfer followed by an inelastic scattering);
whereas for the population of the 4i+ state in ' 0 the
direct one-step transfer should be the major contribution.
A judgment of the significance of a certain path is not
possible "a priori" in view of the complexity of the mutu-
al influence of individual parameters, but this interdepen-
dence is discussed elsewhere. '

The ZR-coupled channels code CHUCK3 (Ref. 16) has
been used for the calculations with the parameters as
given in Table I. As in the (d, Li) investigation on Mg
and Mg, the finite range correction parameter was kept
fixed at 0.57 fm. Figure 7 shows that the ZR-DWBA cal-
culation employing this finite range parameter does not fit
the experimental angular distribution as well as the exact
FR-DWBA does. However, here we prefer a systematic
choice of parameters rather than an individual best fit
procedure.

The spectroscopic amplitudes were chosen according to
Table III. The deformation parameters p were adjusted
according to pLR from scattering results and were chosen
from the smaller values of the experimentally deduced
variety of numbers. "

Ne: p2R =+1.13, p4,R =+0 06, .

' 0: /32R =+0.82, pgR =+0.07 .

-tBC)

N

C: 100
D

o

10-1

———FR-DWBA
ZR DWBA with
FR correction

Oo
I

20o

c.m.

I

&0

FIG. 7. Comparison of g.s. data with single-step predictions
from FR-DWBA (dashed curve) and ZR-DWBA with FR
correction (solid curve). Only statistical errors are included in
the data.



1384 W. OELERT et al. 30

&&Ne ~'80 DWB&

CRC

101 -~C„g
t

f/t tg y

Mt „w~(

100

C

0
1 0+ 2+

I I I }

20 40 0
I ( I

20 40 000

/
tX&

4

20o
I

ec.m.

FIG. 8. Data for lowest 0+, 2+, and 4+ levels compared with
single-step DWBA (dashed) and CRC (dot-dash) calculations.
Only statistical errors are included in the data.

Results of the calculations are shown in Fig. 8: The
one-step paths leading to the final 0+, 2+, and 4+ states
(dashed lines) and the full CRC case (dashed-dotted lines)

with the coupling scheme as shown in Fig. 6. The influ-

ence of single paths on the yield of individual fina1 states
is shown in Ref. 23, which presents an analysis in the
coupled-channels Born approximation (CCBA}. The ob-
served disagreement between experimental and theoretical
angular distributions for the DWBA case in Fig. 8 is un-

derstood in the sense of the FR-DWBA analysis given
above; see Table III. Contrary to the CCBA analysis, "

the CRC calculations seem to be inferior to the DWBA
predictions, as the strengths for both the 2+ and 4+ states
are overpredicted relative to the ground state. Further-
rnore, especially the small-angle part of the angular distri-
bution for the 4+ state is in disagreement with the data.

The assumption that the observed failure is due to in-

consistencies of spectroscopic phases is supported by the
following: (i) even though the spectroscopic factors
evaluated in the literature for the transitions between Ne
and ' 0 [by shell-model calculations using the Chung-
Wildenthal interaction as well as the Preedom-
Wildenthal interaction and in the framework of SU(3)
(Ref. 10)] agree reasonably well with each other, the
predicted phases disagree; (ii) an analysis of the

Mg(d, Li) ' Ne reaction' resulted in the need to
change the predicted phases; and (iii} an inversion of only
the spectroscopic phase for transitions leading from

Ne(2+) to ' O(4+) (see Table III) resulted in very
reasonable fits between experimentally observed and
CRC-calculated angular distributions. A comparison of
these angular distributions is shown in Fig. 9. The
discrepancy observed for angles larger than 30' for the
ground-state transition is obviously not due to the reaction
coupling. The same kind of deviation was observed for
the ZR-DWBA calculation (see Fig. 7}, indicating that
here the ZR-DWBA input parameters were not chosen to
be optimum for this particular case. It has been shown '
that, employing different parameter sets, the described
discrepancies can be diminished. As an example this is
demonstrated by the dashed line in Fig. 9 which is the re-
sult of CRC calculations with a S0% increase of the
imaginary Li volume potential depth (Table I).

The overprediction of the cross sections for angles
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FIG. 9. Data for lowest 0+, 2+, and 4+ levels compared with
CRC calculations with altered phases (see the text). The solid
curves present calculations using the potentials as given in Table
I, the dashed curves involve a 50% increase of the imaginary 'Li
volume potential depth. Only statistical errors are included in
the data.

VI. SUMMARY AND CONCLUSION

The Ne(d, Li)' 0 alpha transfer reaction has been
studied at a deuteron energy of Ed ——80 MeV. Angular
distributions were measured and analyzed in the angular
range of 8 to 35 laboratory. The FR-DWBA analysis re-
sults are in fair agreement with shell-model predictions,
indicating that for excitation energies higher than 4 MeV
core-excited components are mainly responsible for the
observed yields, in agreement with earlier structure stud-
ies. ' The reaction mechanism for populating the lowest
0+, 2+, and 4+ states has been investigated using the
theory of coupled reaction channel calculations (CRC).

The full CRC treatment results in stronger deviations
than observed before in FR-DWBA or in CCBA calcula-
tions, especially for the forward angular range of the an-
gular distribution for the 4+ final state. One possible
reason for this difficulty could be due to inconsistencies in
phase conventions used in the definition of spectroscopic
amplitudes, in deformation parameters, and in the reac-
tion code which are mutually interdependent. A phase
change for alpha transitions starting from the initial

Ne(2+) state to final states in ' 0 did result in very

larger than 30' of the ground-state transition is obviously
propagated to the 2+ state by the channel coupling. This
statement agrees with the influence observed for the indi-
vidual reaction paths as discussed in Ref. 23. For a dis-
cussion of the uncertainties involved in the present type of
analysis we refer to an investigation of the (d, Li) reac-
tion' on magnesium isotopes.

The absolute normalization of the theoretical angular
distributions displayed in Figs. 8 and 9 is done such that
the full CRC calculation reproduces the magnitude of the
experimental cross section for the ground-state transition.
Assuming the absolute spectroscopic factor for the
"d+u = Li" system to be unity and the absolute spectro-
scopic factors for the ground state transition Ne~' 0
to be correctly predicted by the shell model calculations
(S~=0.18X0.55, see Ref. 2), the value of the ZR normal-
ization constant Dp becomes

Dp =97 MeV fm
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good agreement between experimental angular distribu-
tions and CRC calculations for the members of the
ground state band, both in shape and in magnitude.

The spectroscopic factors predicted by shell-model cal-
culations prove to be very reliable in the sense that any
significant change of one of the individual transition

strengths did worsen and not improve the simultaneous
description of the data for the three members of the
ground state band in ' O.
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