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Inelastic scattering and one-neutron-transfer reactions of ' 0+ Ca
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Inelastic scattering of ' 0+ Ca was investigated at E, =42.85 MeV in order to study
the influence of coupled channels effects. Angular distributions were measured in the an-

gular range oi,b ——5 —45' for elastic scattering and inelastic excitation of the 3 (3.737
MeV), 2+(3.905 MeV), 5 (4.492 MeV) states in Ca and the 2+(1.982 MeV) and 3 (5.098
MeV) states in ' 0. The results are compared to distorted-wave Born approximation and

coupled channel calculations employing collective form factors. The improvements of the

coupled channel predictions over those of the distorted-wave Born approximation are less

dramatic than observed previously for ' 0+ Ca. With the exception of the ground state
transition, the spectroscopic factors for the one-neutron-transfer reaction Ca(' 0, ' 0) 'Ca
are in good agreement with those observed in light ion induced reactions.

NUCLEAR REACTIONS Ca(' 0,' 0) Ca, Ei,b ——62.14 MeV; mea-

sured 0.(0); elastic and inelastic scattering; (' 0, ' 0) and ("0,' F) reac-
tions; optical model, DWBA, CC calculations; deduced deformation

lengths and spectroscopic factors.

I. INTRODUCTION

With the exception of elastic scattering, inelastic
scattering is perhaps the simplest process which can
take place during the interaction of two complex
nuclei. Owing to the strong absorption occurring in
the interaction of heavy nuclei, the analysis of in-
elastic scattering data is strongly simplified and
one-step distorted wave Born approximation
(DWBA) calculations have been quite successful in

describing a large amount of experimental data.
Starting with such good agreement between theory
and experiment, one is now able to investigate in de-
tail more complicated multistep processes which re-
quire coupled channels (CC) treatments. Several
studies have been reported recently' dealing with
heavy ion inelastic scattering reactions which can-
not be understood in the framework of simple
DWBA calculations. A number of these reactions
involve nuclei near closed shells. A well known ex-
ample is the excitation of the 2+ state in ' 0 at
E„=1.982 MeV. When compared to DWBA calcu-
lations the pattern of the experimental angular dis-
tribution is found to be shifted to more forward an-

gles by 2 —5' and the last maximum of the angular
distributions is underpredicted when the usual scal-
ing relation between nuclear and Coulomb defor-
mation length is used in the calculation. A number

of explanations have been proposed to explain this
behavior, ranging from the inclusion of reorienta-
tion effects, ' and an ad hoc change of the nuclear
form factor "to the inclusion of transfer process-
es. ' Recently an interpretation has been presented
which includes most of the processes mentioned
above' and which shows that the main contribution
comes from the exact treatment of the microscopic
nuclear form factor. Similar CC calculations' have
successfully explained the excitation of ' 0 in the
reaction ' 0+ Ca at Ei,b ——61.07 MeV. In this pa-
per we present results of measurements of inelastic
scattering of ' 0 on Ca at Ei,b ——62.14 MeV in or-
der to further investigate the projectile excitation
behavior of ' 0. The ' 0+ Ca reaction also
presents an opportunity to investigate the anomaly
observed in the angular distribution for the Ca(5
4.492 MeV) excitation in the ' 0+ Ca reaction.
The laboratory energy chosen corresponds to a
center of mass (c.m. ) energy identical to that of the
previously studied ' 0+ Ca system. In compar-
ison to the ' 0+ Ca reaction, more transfer and
inelastic channels contribute to the reaction cross
section. In particular some of the transfer channels
exhibit transition strengths of the same magnitude
as inelastic excitations. Therefore, angular distribu-
tions for the strongest transfer channels, i.e.
(' 0,' 0), leading to excited states at low excitation
energy in 'Ca have also been analyzed.
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II. EXPERIMENTAL DETAILS
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The experiment was performed with ' 0 beams at
El,b ——62.14 MeV from the Argonne National Labo-
ratory FN tandem. The scattered particles were
momentum analyzed in the Enge split-pole magnet-
ic spectrograph and detected in the focal plane with
a position sensitive ionization chamber. ' Details of
the experimental procedure used to obtain the abso-
lute cross section are given in Ref. 3. Because the
strengths of transfer channels in ' 0 induced reac-
tions can be of the same magnitude as those of in-

elastic scattering, good charge and mass resolution
is necessary for extraction of reaction yields, in par-
ticular for transitions to states at high excitation en-

ergy. Figure 1(a) shows a spectrum of the differen-
tial energy loss, hE, versus total energy, Ef t ] as

measured in the focal plane ionization detector,
with the spectrograph set at a scattering angle of
O~,b

——28'. In the analysis the region for oxygen iona
was selected, and the events are displayed in Fig.
1(b) as a function of E«„~ versus magnetic rigidity
Bp. The strong transitions to low-lying states in
'Ca populated via the (' 0,' 0) reaction are clearly

observed.

III. EXPERIMENTAL RESULTS

A. Inelastic scattering

In Fig. 2 an energy spectrum of inelastically scat-
tered ' 0 particles from Ca at 8&,b

——28' is corn-

pared with that observed for ' 0 scattering from
Ca at the same c.m. energy. The ' 0 spectrum is

dominated by the transition to the 1.982 MeV 2+
state in ' 0, which is Doppler broadened due to the

y decay. The structure in the shape observed for
the 2+ state reflects its m-substate population; how-

ever, the energy resolution of =100 keV in the
present experiment is not sufficient to extract de-

tailed information about the m-substate population.
The 4+ state in ' 0 at 3.55 MeV is very weak, while
the 3 state in Ca is strongly excited. The 2+
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FIG. 2. Energy spectra for elastic and inelastic
scattering for the reactions ' 0+ Ca (top) and
' 0+ Ca (bottom) at E, m =42.85 MeV.
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state in Ca at E„=3.905 MeV is not completely
resolved at this angle from the strong 3 transition
due to contributions from the second 2+ state of
' 0 at E„=3.921 MeV. The angular distribution
shown in Fig. 3 contains contributions from both
2+ transitions. The 5 state in Ca at E =4.492
MeV coincides with a 1 state in ' 0 at 4.456 MeV;
the 1 state is, however, weakly excited' in inelas-

tic scattering of ' 0 on ' 0 and should therefore not
contribute significantly to the yield observed for the
5 state. At E„-5.1 MeV we observe a broad state
which is not present in the corresponding ' 0 spec-
trum and is identified as the 3 state at 5.098 MeV
in ' 0. This state is strongly excited' in (aa')
scattering on ' 0, and, because of its decay to the
2+ state at 1.982 MeV by a 3.116 MeV y ray, '

should be strongly Doppler broadened. Although
the level density becomes too high to resolve indivi-

dual states at higher excitation energies, the broad
peak observed at E„=6—7 MeV in the ' 0 spec-
trum is probably the 3 state of ' 0 located at 6.13
MeV.

The angular distributions for the elastic scatter-
ing and for inelastic excitations of the 2+ states at
E„=1.982 MeV (' 0), 3.905 MeV ( Ca), and 3.921
MeV (' 0},the 3 states at E„=3.737 MeV ( Ca)
and 5.098 MeV (' 0), and the 5 state at 4.492
MeV ( Ca}, are shown in Fig. 3. The dashed lines

are DWBA and the solid lines are coupled channels
calculations performed with the code pToLEMY'

which will be discussed in detail in Sec. IV.
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B. Transfer reactions

10-
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As can be seen in Fig. 1(a), elements with nuclear
charge Z =3—10 are observed in the outgoing
channels of the reaction ' 0+ Ca. An investiga-
tion of the energy spectra reveals that in most cases,
e.g., for the reactions ("0,' ' '"C), (' 0,' N), and
(' 0, ' 0), states at high excitation energy are popu-
lated in the residual nuclei. In Fig. 4 energy spectra
for the reactions (' 0,' 0) and (' 0,' F) are shown

where discrete levels close to the ground states are
populated with appreciable strength. For the reac-
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FIG. 3. Angular distributions for elastic and inelastic
scattering of ' O+ Ca to several states in Ca and ' O.
The dashed curves are optical model (elastic) and DWBA
calculations (inelastic) using the potential given in Table I
and the deformation lengths given in Table II. The solid
curves are the result of coupled channel calculations as
discussed in the text.



INELASTIC SCATTERING AND ONE-NEUTRON-TRANSFER. . . 1013

41cp

E„(MeV)150—

I I

40C ~1eO 170j 4'Co

Elpb 62.14 MeV
I

2

r 3/2

1

0

7/2
1.0—

0Co (180 170
j

41C

=62.14 MeV

Cll
C
C0

100—
Ih

C
O
O

50-

"C (3/ )

17p«(1/2+)
I

7/2
"Ca (7/p

)7p% (7/2
+

)

3/2

0,1—
10—

200

60 — 39K

E„(xeV)

C
C

40-
0
41)

0
U

20—

I(&( J„((
channe l number

I I

40Co (180 19F } 39K

Elab = 62.14 Mev
I I

4 2

I
I

0

"F (5&2')
K (1/2+)

19F4f
( 5/

+
)

K (3/2')

19F«( 3/2 )

K (1/2')
' F(1/2')

19F

0 I I Ih ~ h I 4(I ~ iln n

400 500 600 700 800
channel number

FIG. 4. Energy spectra for the reactions
~Ca(is0, ' 0) 'Ca and ~Ca(' 0 ' F) K measured at

O~,b
——27' and L9~,b

——28', respectively, at an incident ener-

gy of 62.14 MeV.

tion ~Ca('80, ' 0) 'Ca low-lying negative parity
states in 'Ca at 0.0 MeV (—, ), 1.943 MeV ( —, ),
2.462 MeV ( —, ), and 3.944 MeV ( —, ) are strongly

excited. When compared to the (d,p) reaction,
it is observed that, in addition, states at -3.0, 5.0,
and 6.0 MeV excitation energy are strongly populat-
ed. The strength at around 5 MeV excitation ener-

gy might be largely due to the —, state of 'Ca(4.97
MeV). The level density, however, is already so
high that a definite identification cannot be made
with the present resolution. From Fig. 4 it can be
seen that the energy spectrum for the

Ca(' 0,' 0)"'Ca reaction is complicated due to the
excited states of ' O. Thus, the peaks observed at
0.871 and 2.8 MeV excitation energy are associated
with ' 0 in its excited —, (0.871 MeV) state and
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'Ca in the —, (0.0 MeV) and —, (1.94 MeV) state,
respectively. In Fig. 5 angular distributions for
transitions to several states in 'Ca are shown where
the solid lines are the result of 0%'BA calculations
which will be discussed in Sec. IV.

The complications in the energy spectra due to
ejectile excitations are still more severe for the reac-
tion Ca(' 0,' F) K. As seen in Fig. 4(b) the
ground state of K is populated with ' F in its —,

s+
(g.s.) and —, (0.197 MeV) excited states. From the

present experiment no conclusion can be drawn
about the strength of the ' F (—, ) state at
E„=0.110 MeV which is expected to be only weak-

ly excited based on the result of the ' 0( He,d)'9F
reaction. ' The strength at 1.4 MeV corresponds
to the excitation of the —, state in ' F with K in

its ground state. The group at 2.5 MeV excitation
energy is again interpreted as a multiplet with ' F1+ s+ 39 . . 1+
in its —, and —, states and K in its —, excited

FIG. 5. Angular distributions for the one-neutron
transfer reaction Ca("0,"0) 'Ca. The solid lines are
DWBA calculations with spectroscopic factors given in
Table III. For the bound state potential the following
parameters were used: rz ——1.2 fm, a =0.65 fm, V„=7
MeV.
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TABLE I. Optical model potential parameters used in

the DWBA and coupled channel calculations for
0+ Ca at E1,b ——62.14 MeV.

—Vo &0

(MeV) (fm)

a —8' r0 a'
(fm) (MeV) (fm) (fm)

DWBA 14.4 1.374 0.521 7.6 1.381 0.518
CC 14.4 1.374 0.521 6.35 1.267 0.60

state. Owing to the uncertainties in identifying
discrete states no angular distributions were extract-
ed. An estimate of the overall, angle-integrated
transition strength to low-lying (E„&6MeV) states
in the ' F+ K final channels yields a value of
10—15% of the strength of the corresponding
' 0+ 'Ca final channels.

IV. DISCUSSION

A. Elastic scattering

Optical potential parameters for the DWBA and
CC calculations were obtained by performing least
squares fits to the elastic scattering angular distri-
bution. As start parameters the different potential
families obtained in the analysis of ' 0 scattering
on Ca at E~,b ——56 MeV were used. In each family
the potential parameters obtained differ only slight-

ly from the ' 0 results, mainly showing an increase
of the real potential by about 2 —3%. It was shown

in Ref. 23 that angular distributions for inelastic
scattering measured at energies in the vicinity of the
Coulomb barrier (E/Ez &2) do not provide addi-

tional constraints on the choice of the optical poten-
tial. Therefore, the same type of potential as used

previously for the ' 0+ Ca system was chosen
for the DWBA and CC calculations (see Table I).

B. DWBA analyses for inelastic scattering
and transfer reactions

1. Projectile excitation

The angular distribution for excitation of the 2+
state in ' 0 at E„=1.982 MeV (see Fig. 3) exhibits
a sharp minimum at 8, =28'. Cross sections for
angles smaller than 8, =22' could not be extract-
ed due to the ' C and i60 contaminants in the ~Ca
targets. The dashed line in Fig. 4 is the result of a
D%8A calculation with the code FTDLEMY. ' The
8(E2) value was taken from the literature and the
same mass and charge deformation length was used
in the calculation (see Table II). A shift of the
theoretical angular distribution towards larger an-
gles by about 3' is observed. In addition, the cross
section at 8, =40' is underpredicted by about
50%. This can be remedied by choosing a larger
value for the mass deformation parameters PN, as
was done, for example, in the analysis of ' 0 inelas-
tic scattering on ' Ni (Ref. 10). The 65% ad hoc
change in P~ (' 0 +), however, can only be partial-
ly justified by results of m+-inelastic scattering.
On the other hand, recent coupled-channels calcula-
tions for ' O+ Ca were capable of reproducing the
'sO (2+) data through the microscopic treatment of
the form factor, without an ad hoc change in the Pz
value. This is described in detail in Ref. 25 (see Fig.
7 therein). We have, therefore, made no further at-
tempt to improve the description between data and
CC calculation by a change in Pz.

A disagreement between experiment and D%BA
description is also observed for the inelastic excita-
tion of the ' 0 (3 ) state at E„=5.098 MeV in ' 0.
Taking the B(E3) value from inelastic electron
scattering and assuming equal deformation length
for mass and charge deformation, the dotted line in

Fig. 3 is obtained which underpredicts the cross sec-
tion at 0, =40' by a factor of 2. This also may be

TABLE II. Deformation lengths for transitions in ' 0 and ~Ca used in the DWBA and
CC calculations.

Nucleus

180
180

~Ca
40C

Ca
Ca

0+
Q+

0+
Q+

0+
3

2+
3
3
2+
5
5

Transition
energy
(Mev)

1.982
5.098
3.737
3.905
4.492
0.755

5,
(fm)

1.00
0.62
1.79
0.47
1.22
0.27

~N

DWBA
(fm)

1.00
0.80
1.08
0.41
0.54

~N

CC
(fm)

1.00
0.68
1.02
0.41
0.38
0.19
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related to the fact that a microscopic form factor
was not used in the DWBA calculation.

2. Target excitation

The angular distributions for excitation of the

3, 2+, and 5 states in Ca are shown in Fig. 3.
While the angular distribution of the Ca (3 ) state
at E» =3.737 MeV is not significantly disturbed by
an unresolved contribution from projectile excita-

tion, the angular distributions for the transitions to
the 2+ and 5 states in Ca may contain some con-
tributions from excitation of the ' 0 (2+) and ' 0
(1 } states at E„=3.921 MeV and E„=4.456 MeV,
respectively. When compared to the ' 0+ Ca sys-

tem, the angular distribution of the 3 state does
not show as strong a forward peaking. On the other
hand, the angular distribution of the 5 state again
shows a rapid falloff at larger angles. The dashed
lines in Fig. 3 are DWBA calculations with the
code pToLEMY using the charge and mass deforma-
tion lengths given in Table II. While the angular
distribution for the 3 transition is reasonably well

described by DWBA theory, the distribution for the
5 state is poorly reproduced. This behavior is
similar to that observed for ' 0+ Ca, where it was
found that the results can be understood in the
framework of CC calculations as being due to the
influence of a single strongly-excited channel, i.e.,
the Ca (3 ) state, on the scattering wave func-
tions. In the present case, the dominant transitions
are the excitation of the ' 0 (2+} state with cross
sections exceeding 20 mb/sr and the excitation of
the Ca (3 ) state with cross sections approaching
10 mb/sr.

9. Transfer reactions

DWBA calculations were performed for the one
neutron stripping reaction (' 0,' 0) using the finite
range DWBA code PTOLEMY. The results are
shown as solid lines in Fig. 5, where the calculated
cross sections were normalized to the angular distri-
butions and spectroscopic factors extracted. The
bell shaped form of the measured angular distribu-
tions is in general well described. In particular, the
angular distribution populating the ' 0 ( —, ) state
leaving 'Ca in its —, ground state is in very good
agreement with the data. This behavior is some-
what unexpected because in many other cases ejec-
tile excitation is very poorly described by
DWBA. ' The experimental angular distribu-



1016 REHM, HENNING, ERSKINE, AND KOVAR 26

tions populating excited states in 'Ca with '70
in its —, ground state show smaller widths than

the one observed for ejectile excitation. Further-
more, the maxima of the angular distributions
remain at 0, —=31, independent of the excitation
energy. Because the bell shaped angular distribu-
tions calculated within the DWBA predict the same
widths for all cases with maxima shifting to larger
angles with increasing excitation energy, the agree-
ment between experiment and theory becomes worse
for states in 'Ca with higher excitation energies.
The products of the spectroscopic factors extracted
from the experimental data are shown in the third
column of Table III. In order to obtain the spectro-
scopic factors for the states in 'Ca, the (' 0,' 0)
spectroscopic factors were taken as 1.59 (d3/p) and
0.27 (s&&2) (see Ref. 29). As can be seen from Table
III, our results are in good agreement with an ear-
lier measurement of the Ca(' 0,' 0) 'Ca reaction
at 50 MeV incident energy, with the exception of
the 'Ca ( —, ) g.s. transition which shows a spectro-

scopic factor of 1.46 in the present experiment. It
would be interesting to investigate if two-step pro-
cesses with inelastic scattering as an intermediate
channel can explain the large spectroscopic factor
observed for the Ca(' 0, ' 0) 'Ca (—, 0.0) reac-

tion.

C. Coupled channel calculations
for inelastic scattering

It was shown in Ref. 3 that due to the strong con-
tribution from the inelastic transition to the Ca
(3 ) state in the ' 0+ Ca reaction, conventional
DWBA calculations are not able to describe the
measured inelastic angular distributions; in particu-
lar for transitions with high rnultipolarity, an ex-
plicit treatment of the effect of the 3 transition on

the elastic scattering wave function was necessary in
the framework of a CC calculation. (Another ap-
proach has been shown to successfully describe the
data by performing a single-step DWBA calculation
for the inelastic excitation of the 5 state, but still
using an optical model potential derived in a CC
calculation. ) The system ' 0+ Ca differs from
the reaction ' 0+ Ca in that many more channels
[e.g. ("0,' 0), ("0,' 0), and ("0,"0*)]compete
for the available flux and it could be possible that a
DWBA treatment, where the effects of various
channels are contained in the imaginary part of the
optical potential, may be more justified, similar to
the "B+ Ca system studied recently. From a
comparison of the data with the DWBA calcula-

4.492—
3.905~
3.737~

-5
&2

-5.098

" -~982

0+ I!00 1I i! u II

LO( leo
-0.0

FIG. 6. Coupling scheme used in the CC calcula-
tions.

tions (dashed lines in Fig. 3), it is observed that with
the exception of the 5 transition the angular distri-
butions for the target excitation are reasonably well

reproduced. In order to see if a coupled channel
treatment can improve the agreement, we have per-
formed calculations along similar lines as in Ref. 3
using the program PT0LEMY. The coupling scheme
is indicated in Fig. 6 and the results are shown as
solid lines in Fig. 3. The parameters used in these
calculations are given in Tables I and II. The
imaginary part of the optical potential was modi-
fied so as to reproduce elastic scattering in a cou-
pled channel calculation including the ground state,
~Ca (3 ) and ' 0 (2+) state. As starting values the
results for ' 0+ Ca were used. The CC results
show a slightly improved agreement with the exper-
imental data over the DWBA calculations; in par-
ticular the slopes of the angular distributions for the

Ca (5 ) and ' 0 (3 ) states are increased, which is
in agreement with the experimental data. The re-
sults indicate that transitions with high multipolari-

ty are particularly sensitive to coupled channel ef-
fects in the elastic scattering wave functions.

V. SUMMARY

Inelastic scattering of oxygen isotopes on Ca
has revealed some interesting features which, con-
nect the conventional DWBA calculations with the
more complex CC approach. Transitions with, in
particular, high multipolarity (L = 5 and to a lesser
extent L =3) seem to be sensitive to details of the
scattering wave functions. The results for the
' 0+ Ca system, in which there are only a few im-

portant reaction channels, indicated that the usual
prescription to account for all channels, not treated
explicitly, by the imaginary part of the entrance
channel optical potential is not justified. The
present ' 0+ Ca results indicate that with increas-
ing number of open channels the effect weakens and
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DWBA gives a better description of the data. It
would be interesting to study the energy dependence
of this effect for the system ' 0+ Ca, since the
number of open channels will increase with energy.
For the excitation of the ' 0 (2+) state the same
discrepancies as already found in earlier studies are
observed. The theoretical angular distribution is
shifted to larger angles and the cross sections at
large angles are underpredicted by about a factor of
2 if standard values for Pz are used. This
discrepancy most likely is related to the fact that no

icroscopic form factor was used in the calcula-
tions. The experimental results obtained for the

(' 0,' 0) one neutron transfer reaction are in quite
good agreement with the DWBA calculations when
spectroscopic factors from light ion induced reac-
tions are used.
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