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l60 + 4S Ca reaction at 56 Mev. I. Trans'itions to resolved levels
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All direct reaction channels of significant strength (0 ~ 50 pb) in the 0+ Ca reaction at
E»b( 0) =56 MeV were measured using a 4E-E time-of-flight telescope system. Excita-
tion spectra with energy resolutions =200 keV full width at half maximum were obtained for
outgoing ions ' * 38 i3 i4 5C, i i~ i6 . N, and i ~ i i60. Angular distributions were
obtained for the strongest transitions observed in inelastic scattering, the single-nucleon
transfer reactions (i60, i5N) and (i 0, ~0), the two-nl. '. : leon transfer reactions {i60, C),
{60, i N), and (i60, 0), the three-nucleon transfer reactions (i60, i3C), and the "exotic"
transfers (i60, 6N) and (i 0, C). Comparison of distorted-wave Born-approximation calcu-
lations for inelastic scattering, and for one- and two-nucleon 'transfer reactions to experi-
ment suggest that reaction processes more complex than the one-step process are quite im-
portant in a majority of the transitions studied.

8EAC TIpyS 48Ca(i60 'l60) (i60 i6p ) {i6p i 7 i80) (i60 i4~ i5 i 6N}
(i6p i3 i4'i5C) measured 0.(0) 0=4 -60' &0=1 3 Ca(' 0) ( 0 N)
(i Q, i C), (6p, ii i3B}; measured 0.. E&=56 Me&, resolution. 250 keV, enriched
targets. Optical-model parameters deduced, DV/BA calculations compared with

for (i60 i60) (i60 i?, i80) (i6Q i4, ibN), and (i6p i3 14C)

1. INTROOVCTION

Experimental studies of inelastic scattering and

transfer reactions induced by heavy ions have
generally fallen into one of two classes of mea-
surements. On one hand, there have been mea-
surements of inelastic and transfer reactions lead-
ing to resolved levels in the residual nuclei. These
investigations have generally been limited to one
or a few selected reaction channels. The attempts
to understand the selectivity and angular distribu-
tions of these transitions have been carried out in
the framework of a microscopic reaction theory,
using distor ted-wave Born approximation (DWBA) or
coupled-channel Born approximation (CCBA) for-
malisms. ' On the other hand, -there have bgen in-
vestigations which have focused on the measure-.
inents of the summed "direct" reaction strerigth
as function of mass transfer, angle, and excitation
energy (Q value). These investigations have main-
ly established the systematics of the macroscopic
cross section features. The attempts to under-
stand these systematics have been carried out in
the framework of classical or semiclassical mod-
els.' In addition, extensive studies have been
made of the fusion cross sections in heavy-ion
induced reactions. ' Attempts to understand the
energy and projectile dependence of the fusion pro-
cess have been presented using classical and semi-

classical models. ' ' Despite all these studies,
however, no complete set of measurements have
been performed on a specific system so as to
provide an overall picture of the distribution of
the total reaction cross section (direct plus fusion
cross section) or to relate the gross features of
the direct reactions to specific characteristics of
transitions leading to individual nuclear levels. .

We report results of a study of the total reaction
cross section of the "0+ 'Ca reaction at E~
=56 MeV. Inelastic and transfer reaction channels
as well as the fusion reaction were investigated.
The inelastic and transfer reactions were observed
with s'ufficient energy resolution to resolve in-.
dividual levels and obtain angular distributions for
transitions leading to many states of known spin
and parity. In addition, direct reactions were
measured over an excitation range sufficient to
allow extraction of the total cross .sections for
each system of outgoing nuclei. The fusion or
compound-formation cross sections were measured
by detection of the recoiling heavy fragments at
forward angles.

Taken together our measurements establish the
detailed distribution of strength as well as the
total reaction cross section. The results will be
presented in two parts. In the present paper we
present the results for inelastic and transfer re-
actions populating resolved nuclear levels.
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FIG. 1. A @2m spectrum obtained fx'om QE*g mul-
tlPllc Rt& oQ.

While emphasis is ph, eed on the presentation of
the systematic f6atux'68 obsex'ved in the expel'i-
mental data„comparisons of DWBA calcolations
with the data. also vali be discussed in some de-
tail.

Outgoing ions fx'om boron to neoQ %'ere detected
and identified using a AE-E time-of-flight (TOF)
telescope system previously desex ibed, ' The
telescope consisted of a ~E silicon surface barrier
detector (-17 pm) separated by -25 cm from a
thicker E silicon surface barrier detector (-200 pm}.
Analog electronic circuits generate an mZ~ spec-
trum (Fig. 1}from .~ and E slgna18 and a .mass
spectrum (Fig. 2) from the time-of-flight f between
the AE and E detectors by the relationship I,"E= m.
Under normal conditions the system operated anth
intrinsic time resolutions of -75-95 ps, enex'gy
resolutions of -200-300 keV (FWHM), and an
avex'age energy 1aQge of -20—30 MeV. As can be
seen in Figs. I and 2 sufficient particle resolution
is obtained to identify the detected ions unambig-
uously.

Beams of ~ 0 at 56 MeV incident energy from the
Argonne FN tandem Van de Graaff aeeelerator
were used to.bombard isotopically enriched
4'Ca (-96.8%) targets of -200 ggjcm' on carbon
backings (-20 pg/cm'). Absolute cross sections
frere obtained by normahzing the elastic scattex'ing
at forward angle8 to Rutherford 8cattel lng. Be-
cause of multiple scattering in the ~E detector,
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FIG. 2. MR88 Spectx'R obtRlDed fI'ODl t11e t +Q multlpllcRtIOQ.
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scattering loss corrections which are dependent
on both the charge and the energy of the detected
particle had to be applied. The multiple-scatter-
ing losses of elastically scattered "0as a func-
tion of energy were measured for the telescope
geometry used, by comparing the yield observed
in the AE-E TOF system to that observed in a
single E detector. These results were compared
with multiple-scattering losses predicted using
the theory of williams. ' %'hile the energy de-
pendence was well reproduced, the predicted mag-
nitude had rather large uncertainties due to sensi-
tivity to the beam spot properties and to the exact
geometry. The measured "0 losses were used to.
normalize the multiple- scattering calculations.
The normalized calculations were then used to
generate the correction factors for all isotopes
measured. Since the cross sections were obtained
by normalizing the elastic scattering at forward
angles to Rutherford, the relative multiple-scat-
tering corrections at backward angles amounted
to as much as -30-4(P& for oxygen isotopes, but
only -20% for carbon and boron isotopes. The
absolute cross sections are believed to be accurate
to better than 10% and the relative cross sections
to better than 5'f~ for all isotopes.

In specific cases where the energy resolution was
an important factor in determining which levels
were populated and where closely spaced levels
needed to be resolved for the extraction of angular
distributions of interest, measurements were
made with the Argonne split-pole magnetic spec-
tograph. The outgoing ions were detected in a
ionization-chamber focal-plane detector system. '
This system allowed unambiguous particle identi-
fication using the parameters DE, E,. and J3p. In
order to obtain cross sections from yields, charge
state corrections were applied; the corrections
were determined by measuring the charge state
distribution a,s a function of energy for the isotopes
of interest. Again the absolute cross sections were
established by using the elastic scattering at for-
ward angles. In all cases the cross sections ex-
tracted from the spectograph measurements were
found to agree within errors with the cross sec-
tions obtained in the TQF measurements.

III. GENERAL COMMENTS ON EXPERIMENTAL -RESULTS

The reaction channels for which excitation spectra
were obtained are indicated in Fig. 3. All boron,
carbon, nitrogen, and oxygen isotopes with total
reaction cross sections greater than -100 p, b were
measured. Fluorine and nein isotopes were de-
tected; however, contaminants on the target to-
gether with the small cross section (s50 y. b) for
these channels prevented extraction of meaningful
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FIG. 3. Schematic diagram indicating those channels
for which excitation spectra were obtained. The dashed
blocks indicate channels for which only upper limits on
the cross section were obtained.

spectra. For the lighter outgoing ions Be and Li
the total cross sections were much weaker than
for the B isotopes and not recorded. In order to
give some indication of the relative strengths of
inelastic and tra, nsfer channels, the angle-inte-
grated reaction cross sections for transitions in
each reaction channel measured are listed in
Table I. In most cases the listed transitions cor-
respond to transfers to the ground state or levels
at low excitation with the outgoing particle in its
ground state. The table clearly indicates that the
cross sections decrease rapidly with increasing
number of nucleons transferred. This appears to
be the case regardless of whether the nucleons can
be transferred as a "cluster" [e.g. , ("0,"C)]or
not [e.g. , ("0,"C)]. The very small transfers
observed for the proton pickup reactions such as
("0,"F) and the neutron stripping reactions such
as ("0,"0) are a result of the severe kinematic
mismatch of these reactions.

In Figs. 4-7 energy spectra obtained with the
~E-E-TQF system for the outgoing B, C, N, and
0 isotopes are shown. In most cases the spectra
are those measured at et,b =25'. In cases where
the cross sections were too small to obtain a
meaningful spectrum at a single angle, the spectra.
shown were obtained by summing kinematically
corrected spectra measured at several angles.
The energy resolution of -250 keV full width at
half maximum (FWHM) was sufficient to separate
and identify the levels labeled in Figs. 4-7; angu-
lar distributions for most of these will be shown
later.

There are'several general features in the spec-
tra which should be noted. In all reactions the
strongly populated levels in the residual nuclei
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X'8RC j3,0D CbaHQ618 meRBQTed.

0
-4,.51

-2.50

—5.80

-10.52

-14.66

( i6O $3')

(igo Qc)

($6O 19O)

(&80

-2P-2e 5 Ti(0 )

52Tg (2+)

gQ( 1+ 5+ )

-2P Ti (0+)g,

"Tx(2')

-1P ln 08e(5 )„,
+2m 6Ca(0 ),
+1P-le "Sc(6',5'„4')„, '

51V( 7
)

SENT. 3 -)
2 g

45CR( 7-)

48T~( 7-)

4~1( 5- 7-)

-2.09

-6.85

-5.03

-10.13

13,32

-2.34

-11.48

-10.27

—12.53

+0.51

-9.54

-10.89

0.370

0.480

0.147

0.190

0.168

~0.007

0.042

&0.003

0.003

0.019

~0.002

S0.012

are the same as those populated in the analogous
light-ion reactions aftex' kinematic matching con-
d1tlGQS Rx'e tRken 1nto account. Moreover, In Rll
reactions there is evidence that the excited states
of the light outgoing particles are populated in
many ca&88 Rs 8tloQgly as their ground states.
Finally, reactions involving the transfer of two
or mor8 px'otons exhibit enex'gy spectx'R of roughly
GRU881RH 85tRpe with ceQtx'O1ds located Rt R rela-
tiv8ly lRrge excitation energy. The energy x'eso-
lution does not make it possible to determine
whethex' these are smooth continuum distributions
ox' rg, ther the result of populating many closely
sphced discrete leveIS.

IV. ELASTIC S ATTER

The elastic Scattering of '60 iona on ~SCR at
E~('60) = 56 MGV vms measured with both the

M-E- TOF Rnd magnetic spectrograph detection
systems. The elastic scattering angular distribu-
tion o„/oR„„, is shown in Fig. 8 together with an
optical-Glades. f1t to the data As mentioned pre-
viously the elastic scattering at forward angles
was set equal to the Rutherford cross section in
order to establish the abso'Lute cx'oss section. The
uncertainty in this normalization to Rutherford
arises from the uncertainty in determining angles
(&0.1') and from the uncertainty in fitting to
Rutherford. In addition there is -3% admixture
of 4oCR in our target whose elastic yield at forward
angles is not resolvable fx'om that due to ~8CR.

Since "0+'OCa elastic scattering was measured„
its contribution was subtracted fxom '60+48CR
elastic scattering. The overall uncertainty in the
absolute cross section is believed to be &5$.

The optical model seax'ch codes GENOA 9 and
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FIG. 4. Excitation spectra obtained for the oxygen
isotopes at g& —-25 . The '90 spectrum was obtained by
summing kinematically corrected spectra measured at
angles 6'~ e)~~19 .
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FIG. 5. Excitation spectra obtained for the nitrogen
isotopes at gj~=25'. The ~VI spectrum eras obtained by
summing kinematically corrected spectra measured in
the angular range 9 ~ 8&~~25'. The shaded peak in the

N spectruIn arises from a. reaction initiated on the
carbon backing of the target.

&&&CUS '0 mere used to fit the elastic ecattex'ing
Ia,x' distribution. The potentia, l used eras of

the fox'm

v(r) = v'(r) —vf (~) l wg(~), —

~( )
Iz,z,e /i, r R~

(z,z,e'/aa, (3 —r'/z, ') „~&z,

z, =~„Q,'~'+w, '"),
. . r-Jl

f(i ) = 1+ezp ",. R„=ro,(A.,'~'+A, '~'),
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FIG. 6. Excitation spectra obtained for the carbon
isotopes at (9(~=25'. The ~C spectrum by summing
kinematically corrected spectra measured at angles
9 ~ g&~ ~ 25 . The shaded regions in the ~2C spectrum
are attributed to reactions initiated on the carbon
backing or on an Q contaminant in the target.

r-Z, .
g(r}= 1+exp

a,
(/t i/s+~ i/s)

In these expressions A„Z, and A2, Z2 are the mass
and charge of the projectile and target nucleus,
respectively. The curve shown in Fig. 8 was gen-

CHANNEL NUMBER

FIG. 7. Excitation spectra obtained for the boron
isotopes obtained by summing kinematically corrected
spectra measured at angles 9 «8,~~ 25 .

crated by the parameters listed in Table II. - This
parameter set is one of several obtained in a
study of elastic scattering of ' 0+4 Ca at 56 MeV
where it was shown that when six parameters
(V, ro„, a„, W, ro„and a,.) were allowed to vary,
essentially equivalent fits could be obtained with
parameter sets which differed considerably in
geometries and well depths. In addition it was
shown that when these different potentials are used
in DWBA calculations for single-nucleon transfers,
essentially identical angular distributions are pre-
dicted. Based on these results no extensive dis-
cussion of the effect of optical-potential ambigui-
ties on DWBA transfer calculations will be pre-
sented here. In the DWBA calculations which
appear later, the optical-model parameter set
listed in Table II (parameter set A3 in Ref. 11).
will be used in both the entrance and exit channel.
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TABLE II. , Optical-model parameters obtained in fit
to elastic scattering and used in DWBA calculations.

V

(MeV) (fm)
a„ W roc

(fm) (MeV) (fm)
a; ~Dc

(fm) (fm)

100.1 1,200 0 e 500 24.0 1.207 0.482 1.200

b~ O.l—

b

V. INELASTIC SCATTERING

A. Results

0.01—

p pp( ~»s»»l»»s»Ill»»l»»l»»l»& I», &I&, »l, »&l»l&'»&I»»l» &l»ii

0 10 20 30 40 50 60 70 80

C. Al.

Fig. 8. Elastic scattering angular distribution
doll/do'R„, h) measured for 0+ Ca at E&» = 56 MeV.

' The solid curve is the optical-model fit using the param-
eters in Table II.

To study the inelastic scattering, measurements
were made both with the TOF telescope and the
magnetic spectrograph. The inelastic excitation
spectrum obtained at 6((,b =32' in the spectrograph
is shown in Fig. 9. The states most strongly
populated are the lowest-lying 2' and 3 levels in
"Ca at E„=3.832 and 4.505 MeV, respectively. At
an excitationenergyof = 6.0 MeV the rather broad
peak observed may correspond to the inelastic
excitation of the s60(3 ) state at E,=6.13 MeV.
However, no angular distribution was extracted
because of difficulties in unambiguously identify-
ing the strength over a large angular range. The
elastic scattering from the Ca contaminant can
clearly be seen in Fig. 9. Over a narrow angular
region the inelastic excitation of the first excited
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FIG. 9. Inelastic excitation spectrum for ~Q+ Ca obtained vrith the magnetic spectrograph. Shaded peaks arise
from contaminants.
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3 state in ' Ca at E„=3.73 MeV falls into the same
region of the energy spectrum as the "Ca states
of interest and hence could potentially disturb
their angular distributions. However, from the
strength of the contaminant ' Ca elastic scattering
and the "' a(3 ) angular distribution which will
be reported elsewhere, "we estimate that the con-
tributions to our "Ca states are &3% in the region
of over, l.ap.

B. DWBA Analysis

Measured angular distributions associated with
the 4'Ca, (2') and 4'Ca(3, ) levels are shown in Fig.
10 together with the predicted angular distribu-
tions as calculated by the heavy-ion code PTOLEMY.
While the details of this reaction code are dis-
cussed elsewhere, "it is noteworthy to remark
here that PTOLEMY explicitly calculated the Cou-
lomb-excitation process to high angular momen-
tum (i.e., I ~ 500) without resorting to semiclassical
approximations. The form factors used in our
calculations were those of the traditional macro-
scopic model'4 which is based on treating inelastic
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FIG. 10. Inelastic scattering angular distributions
extracted for the 4 Ca(2') and Ca(3") states. The
solid curves are DWElA calculations discussed in the
text.

scattering as the excitation of a collective mode.
In this model the form factor has a Coulomb and
nuclear part and can be written as

Z, (r) =Z,'(r)+E, (r),
where

4vs, e[B(EL)j' "
1
L+ j t for x +Rc2r
~L

fo1 f" &Rg2
C2

with

Jfc =r2cA2 X/3

Z"(r)= P'Z V f( )+IP"ft W ~( )
L I 2 d~ L I 2

with

R2 10 A2 and RJ2 9 Of A2
X/3 Z/2

In these expressions B(EL) is. the electroma, gnetic
reduced transition probability for Coulomb excita-
tion of the target, and pL~ is the mass deformation
of multipolarity L,.

The "charge deformation length" (Ei1c -=PEA~) is
related to the reduced transition probability B(EL)
via the expression, "

B(Ej ~ f ) —(3/4II )2 e 2g 2 (pC)2+21

where A~2 =1.20A2' ' was used in the present cal-
culations. Measurements of (e, e') (Ref. 16) and

(p, p'y) (Ref. 17) have established the reduced
electromagnetic transition probabilities for the 2+

and 3 states. Using the values for the charge de-
formation lengths deduced from the (e, e') studies
of Eisenstein et al. ,

"and varying the nuclear de-
formation lengths (6f =—P1R2) to fit the observed
angular distributions the best results obtained are
those shown in Fig. 10, where the primary cri-
terion in the fit was reproduction of the observed
magnitude.

From Fig. 10 we see that while there are some
noticeable discrepancies, the overall shapes of
the angular distributions are fairly well repro-
duced. Among the discrepancies is the inability
of the calculations to reproduce, (1) the location
of, the interferetice dip observed for the 2' excita-
tion near 30', (2) the, behavior at the most forward
angles for the 3 excitation, and (3) the falloff of
cross section at large angles for both excitations.
Similar discrepancies have been observed in pre-
vious comparisons of O'NBA with experiment and
possible explanations have been proposed. '~22

A discussion of these discrepancies (and those
observed for other Ca isotopes) will be presented
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&ABLE m. Comparison of deformation lengths extracted in analyses of inelastic scattering to. the 4 Ca(2 ) and
48Ca{3 ) states.

X

(MeV) J~
( 60, 60') present work

pC pN gC gN
(e, e') a, b

gC
(P,P'V)

gC
(pp )d (pp )e (dd') f (aa )g

gN .gN gN gN

8.832

4.505 0.810

2+ 0.103 0;161 0.451 0.70 0.451+ 0.169 0.468 + 0.305 0,70
I

3 0.204 0.170 0.889 0.741 0.889+ 0.344 1.090 + 0'ggv

1.00

1.15

0.61

0.65

0.71

0.76,

' Reference 16.
Pz, obtained using the expression Pl, ——4~[8(EL;'t)1' /3Z)e(Rg) and Rg= 1.20 A2' Reference 17.

d Reference 23.' Re ference 24.
Reference 25.

g Reference 26.

in a, forthcoming publication" and will not be pur-
sued here.

The charge and nuclear (mass) deformation
lengths used to generate the fits in Fig. 10 are
listed in Table III where they are compared with

those obtained from other studies. " "'~26 The
nuclear deformation needed to fit the 3 angular
distribution differs by only =20% from the charge
deformation inferred from Coulomb excitation. "
For the 2' state, however, the nuclear deforma-
tion implied by our results differs from the charge
deformation extracted from Coulomb excitation'8
by almost 60gp. From the table it can be noted
that the nuclear deformation lengths obtained from
our fits are consistent with those obtained from

p, d, and n inelastic scattering reactions2~"
which are almost exclusively sensitive to the nu-

clear deformations. While the results of the var-
ious measurements do suggest that the charge and

mass deformations a.re different, it must be re-
membered that the macroscopic form factors used
may not be appropriate for the 2+ state. Moreover,
coupled-channel calculations performed" indicate
that =30% changes in the strength may be expected.
Hence calculations in which microscopic form
factors and coupled-channel effects are included
should be performed before any definite conclusions
regarding the mass deformations are drawn.

VI. SINGLE-NUCLEON TRANSFERS

A. Experimental Results

X. 4'C~~'~0, '5+~4'Se

An energy spectrum obtained for the
48Ca('60, "N)4'Sc reaction is shown in Fig. 5. Ex-
cited strongly are the two lowest-lying "single-
proton" states; the 2 ground state (lf»2) and the

state (2p», ) at E„=3.08 MeV in "Sc. The angu-
lar distributions associated with these states,

shown in Fig. 11, are characterized by pronounced
strength near the grazing angle and oscillatory be-
havior of sigriificant strength at forward angles.
As has been discussed previously the structure at
forward angles is related to the transferred angu-
lar momentum I and under certain conditions may
be used to identify the J' of Ae final state. "'"

Also shown in Fig. 11 are angular distributions
for transfers to a group observed at E„=2.3 MeV
and to a broad group at g„=—6.3 MeV. At an ex-
citation pear 2.3 MeV in ~'Sc there are two known
levels, ""a —,".state at 2.20 MeV and a —,

' state at
2.37 MeV. These states are weakly excited in
('He, d) and (n. , t) reactions (i.e. , C'S =0.05-
0.10)" and are believed to be of predominantly
two-particle-one-hole (2p-1h) character. In our
TOF measurements the two sta, tes could not be
resolved. In measurements with the magnetic
spectrograph these levels were resolved as shown
in Fig. 12, and their relative intensities were
measured; however, the low yields prevented the
extraction of unambiguous angular distributions.
The angular distribution shown in Fig. 11 is that
observed for the doublet. The broad level at g,
=6.3 MeV is clearly evident in the spectra obtained
at angles (9„b&25', where it becomes a dominant
feature in the excitation spectrum. At more for-
ward angles other strength in this excitation region
prevented an unambiguous extraction of the yield
for this level. The excitation energy and width
observed are consistent with an identification of
this level as the Doppler broadened ~ state of
"N at E„=6.332 MeV. Evidence for the observa-
tion of this excited state has previously been re-
ported in studies of the ("0,"N) reactions on Sr
and Zr isotopes. " Other states identified in the
higher resolution spectrum obtained with the spec-
trograph are labeled in Fig. 12. No angular dis-
tributions were extracted for these.
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not permit separation of the two states near E„
=2.6 MeV even with the spectrograph. Also ob-
served were a level at F., =0.89 MeV, which was
identified as the transfer to the 4'Ca ground state
leaving the outgoing "0 in its first excited state
(-,', 0.89 MeV), and a level at g„=2.00 MeV which

was identified as the population of the —,
' one-

particle-two-hole (1p-2h) state at+„=2.016 MeV
in 4'Ca.

The angular distributions for these four tran-
sitions are shown in Fig. 13. The most notable
feature is the qualitative difference between the
shapes of the angular distributions for the trans-
fers to single-hole states and for the transfers
leaving "0 in its excited state and that leading to
the 1p-2h state. The pickup reactions leading to
the single-hole states show angular distributions
which are bell-shaped, centered near the grazing
angle, with some strength a,t forward angles. The
other two transfers show no pronounced strength
near the grazing angle, but have nearly constant
strength at forward angles. At larger angles but
still forward of the grazing angle, the cross sec-
tions begin to decrea, se rapidly. The angular dis-
tributions for the ("0,"0) transfers to the single-
hole states do not show the pronounced oscillatory
pattern noted in the (MO, "N) reactions. This be-
havior is consistent with DWBA calculations which

show that it is a result of the greater kinematic
mismatch in the neutron pickup reaction.

IO
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Fig. 11. Angular distributions obtained for the (' 0, '~N)

reaction. The solid curves are DWBA predictions using
spectroscopic factors obtained in light-ion studies dis-
cussed in the text.

Z. 48Ca( 0, Of Ca

The energy spectrum obtained for 'Ca("0, "0)-
"Ca at 01 b

=25 ls shown in Fig. 4. Four levels
were ideiitified and angular distributions extracted.
The strongest transitions observed were to the
well-known "single-neutron hole" states in 'Ca;
the 1f,&,

' ground state and the 1d,&,
' and 2s, &,

'
states at g, =2.580 and 2.602 MeV, respectively.
The energy resolution in our measurements did

3 Ca(~60 F) If', and 48 Ca(16O, O)4&Ca

No energy spectra or angular distributions were
obtained for the proton-pickup reaction ('aO, "F) or
the neutron-stripping reaction ("0,"0) because of
low yields in these channels, and the presence of
contaminants. Based on our data we estimate the

angle-integrated cross sections for these reactions
leading to the ground states of 7K and ~'Ca to be
~30 pb.

B. DWBA analysis

The DWBA calculations were performed with the
exactfinite-range program PTOLEMY." In all cal-
culations the effective interaction included the
core-Coulomb correction factor of the form dis-
cussed by DeVries, Satchler, and Cramer. ~ Cal-
culations were performed in both the post and

prior formalisms and were in agreement to better
than 2% when the correction factor was used. Un-

less otherwise noted in the text, the bound-state
wave functions were computed using the conven-
tional separation energy prescription. The optical-
model parameters listed in Table II were used in

both the entrance and exit channels, unless other-
wise specified. In PTOLEMY the expression for the
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FIG. 12. Excitation spectrum obtained for the Ca( Q, ~N) ~Sc reaction using the magnetic spectrograph.

differential cross section is of the form

where for the reaction&(g, b)ff the quantities
(C'S)„and (C'S)» refer to the spectroScopic fac-
tors for projectile and target nuclei, respectively.

Q(160 15~)49@&

The angular distributions calculated for the
'Ca(' 0, 'N) 'Sc one-proton transfers are shown

in Fig. 11. The solid curves are the predicted
absolute cross sections using spectroscopic fac-
tors obtained for 4'Sc in studies of ('He, d) and

(o, , f)." The spectroscopic factors reported in
the literature for ~'N differ substantially for dif-
ferent experiments" ~ and in this study we took
C'S = 2.0 for "N„, and C S = 4.0 for the "N*(—', , 6.33
Me V) state Calcul. ations were performed with two
bound-state parameter sets: (1) with so=1.25 fm
and a, =0.65 fm and no spin orbit term (NSO); and

(2) with the same parameters as those used in the
light-ion study" from which the spectroscopic fac-
tors for ~'Sc were taken (SO). These parameters
are listed in Table IV. The shapes obtained in the
two calculations are essentially identical although,
as expected, the magnitudes change slightly.

The usual separation energy prescription was
used to calculate the bound-state wave functions for
all states. For the 2p-1h states at g„=2.3 MeV in
'Sc, additional calculations were performed with

bound state wave functions generated with the Pink-
ston-Satchler prescription. " This prescription
results in an effective bound-state wave function
which has the proper asymptotic behavior and a

more nearly "correct" normalization in the inter-
ior than that obtained with the usual separation en-
ergy prescription. The curves shown in Fig. 11
are the calculations performed using no spin orbit
term, and for the (-,' + —,

'
) doublet using the Pink-

ston-Satchler prescription to generate the bound-
state form factor.

The shapes predicted by the calculations are on
the whole in fair agreement with the data. Per-
haps the largest disagreement is observed for the
angular distribution for the —,

' state, where DWBA
predicts more strength at larger angles than is
observed. The spectroscopic factors used in the
calculation are listed in Table V for both target
and projectile. Also shown in Table V are the ob-
served ratios of the experimental angle-integrated
total cross sections, g'"P, to the theoretical total
cross sections, g,„, calculated with the various
bound-state parameter sets. The strengths pre-
dicted, g ~the, for the lf, &2

and 2p, &~ single-particle
states are -10% and -40&() larger, respectively,
than observed. The excited —,

' state of "N is un-
derpredieted by -40%. It should be remembered,
however, that the extraction of the yield for this
state is somewhat uncertain because of its width
and the possible presence of a background.

As mentioned previously, we were unable to ex-
tract angular distributions for the —,

"and —,
' states

at 2.3 MeV separately. Calculations show that the
strength is predicted to be -6 times stronger

than the ~ . This is consistent with our results
obtained at several angles where the —,

' state is
stronger by a factor of 2-5. The summed pre-
dicted angular distributions overestimated the ob-
served cross section by some 20-40% (Table V)
when the more realistic Pinkston-Satehler form
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TABLE 1V. Bound-state parameters used in DWBA
calculations for ( 0, N) and ( 0, 0) transfers.

4'Sc 1.25 0.65 NSO

1.20

1.25

1.20

0.65 25 So

0.65 NSO

0.65 25 SO

4'Ca 1.25 0.65 NSO

IO

IO

2
51.07

52.00

51.20

52.40

1.25

1.25

1.39

1.117 0.65 25

1.14 0.65 25

0 .65 25 SO

0.65 25

0.65 25 PS b

170 1.25 0.65 NSO

1.25 0.65 25 SO

IO

1.25 0.65 25

The binding potential is of the form:

PS

L'S d
U(r)= U() f(x)+ U() ~ f (x),

IO

IO

0 IO 20 30 40 50 60 70 80 90
ee.m.

FIG. 13. Angular distributions extracted for the
transfer reaction (~60, ~~O). The solid curves are
DWBA predictions using spectroscopic factors derived
from light-ion studies. See text for discussion.

factor is used. When the usual separation energy
form factor is used the cross section for the —,

'
and —,". states is overestimated by a factor of 4-5.

2. 4 Ca(160 170~47C

The predicted DWBA angular distributions for
the 'Ca("0, '70) 7Ca reactions are shown in Fig.
13. As for the ('60, "N) reactions the solid curves:
represent the predicted absolute cross sections

f (x)= t 1+exp (x)], x =
ao

These parameters were used in Ref. 38 to extract
spectroscopic factors in study of (p, d) reaction.

~Depth established using separation energy prescrip-
tion.

calculated with spectroscopic factors obtained from
light-ion studies. The bound-state wave function
dependence was investigated by performing cal-
culations with (l) standard parameters (NSO), (2)
parameters which include a spin-orbit term (SO),
and (3) a parameter set used in analysis of (p, d)
results" which employed the Pinkston-Satchler pre-
scription (PS). These parameter sets are sum-
marized in Table I7. While the predicted angular
distributions calculated with the different bound-
state wave functions differ in magnitude, their
shapes are essentially identical. The curves shown
in Fig. 13 are calculations which used the spec-
troscopic factors for "Ca obtained in a study of
"Ca(p, d)"Ca at E„„=40 MeV. 38 The spectroscopic
factors for '70 were taken from '60(d, p)'70 stud-

39,40

In contrast to the ("0,"N) reaction, the DWBA
calculations do not reproduce the angular distribu-
tions observed for the ("0,"0) transfers very
well. While the shapes of the angular distribution
for the single-hole states are still fairly well re-
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TABLE V. Results of DWBA analysis of 4 Ca( 60, N) 9Sc reactions.

Q value
(MeV)

4'Sc
J fl C2S & Jm C2S b

C 0'exp d
exp.

(mb) 0 Nso

e
+exp

0 SO
th

—2.50

-4.70

—4.87

—5.58

-8.82

0.00

2.20

2.37

3.08

0.00

z-
2

1
2

3+

3
Y

1.00

0.09

0.066

0.703

1.00

0.00
2

0.00
2

0.00
2

0.00
2

6.32
2

2.00

2.00

2.00

2.00

4.00

10.29

4.87

2.67

1.07

0.22
(0.67)

0.62

0.89

0.35
(0.86)

0.61

1.36

' Reference 33.,
References 35 and 36 (see text).' Experimental errors + 10'.
o th are PToLEM~ predictions using no spin orbit in bound-state calculation. See text.

are PT«LM ~ predic tions using spin- orbit term in bound-state

calculations�

. See text ~

For calculations using Pinkston-Satchler prescription for bound wave function (~0= 1.0 fm).
See text.

produced by the DWBA predictions, the positions
of the cross section maxima are mispredicted by
=2-5' for both angular distributions. For the
"0+(—,") and "Ca(—', ) states the calculations de-
scribe the data very poorly. The predicted bell-
shaped angular distributions are not only shifted
by -5'-10'with respect to the data, but the data at
forward angles for the "0*(-,' ) angular distribu-
tion suggest that the overall predicted shape is in
disagreement.

As can be seen in Table VI the predicted
strengths, O,h, for the single-hole states are in
agreement with experiment to within -20%%u&. In the
case of the experimental level at E„=2.6 MeV,
DWBA predicts that the transfer to the 1d,&, sin-
gle-particle orbital dominates [i.e., o(2 )=3g(-,' )].

The predicted strengths for the "0*(—,
'

) and
~7Ca(—,

'
) states, however, are in much poorer

agreement with the data. The excited "0*(-,")
state is predicted to be about 2 times stronger
than observed, while the "Ca(-,'- ) 1p-2h state is
underestimated by a factor of 6. In the case of the
"Ca(—', ) state, the spectroscopic factors extracted
for this level in the various light-ion studies differ
greatly (i.e., O'S =0.02-0.12).""4' These dif-
ferences are in part due to the different bound-
state wave functions used. The agreement which
can be obtained if these spectroscopic factors are
used in shown in Table VI. The observed strength
is underestimated by a factor of 2-6 depending on
the particular choice of parameters and spectro-
scopic factors.

TABLE VI. Results of DWBA analysis of Ca( 0, zO)4 Ca reactions.

Q value
(MeV) c2s ~

iz0 0'exp

J C S (mb)

&exp Oevp ('Jexpd d d

&Nso &so &ps
tf) th th

—5.80

—6.67

—7.81

000
2

67
000 z 67
2.01

2
0.02

(0.05-0.12) "

0.00

0.870

0.00

g+
2
g+
2
s+
2

0.71

0.81

0.589 0.63 0,53 0.53

0.231 11.76 10.61 6.47
(5-2) (4—2)

0.81 10.88 1.02 0.80 0.80

—8.39

—8.42

2.590

2.62
2

3.4
1.8

0.00

0.00

0.81

0.81
1.624 0.49 0.53 0.84

' Spectroscopic factors from (P,d) of Ref. 38. Analysisusedbindingenergyand PSprescriptions for
bound-state wave functions (see Table 1V). With the exception of the 2- state (2.01 MeV)
these spectroscopic factors are in good agreement with other analyses (Refs. 41, 42, and 43).

Spectroscopic factors from (p, d) (d, t) and (O. ,He) studies of Refs. 41-43 which used sep-
aration energy prescription.

Spectroscopic factors Refs. 39 and 40.
See text and Table IV for definition of NSO, SO, and PS notations.
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C. DISCUSSION

The data obtained for the "Ca("0,"N)"Sc and
Ca( 0» 0) Ca reactions provide a rather good

test of reaction theory because of the different
character of the states populated. Specifically,
angular distributions were obtained for: (1) trans-
fer to single-particle {hole) states, (2) transfers
leaving the outgoing projectile in an excited state,
and (3) transfers to states of more complex con-
figuration (i.e., 2p-1h and lp-2h states).

Attention has been focused on two aspects in the
comparison between theory and experiment: the
detailed shapes of the angular distributions and the
magnitudes of the reaction strength. For the trans-
fers to the single-particle (hole) states the overall
agreement between the predicted and measured
shapes and magnitudes is rather goad. However,
with the exception of the transition to the 498c(2 )
ground state, the calculated bell-shaped peaks
are located at angles 2-5'larger than observed
and the strength at large angles is overestimated.
Such behavior has been suggested to result from
polarization effects on the single-nucleon bound-
state wave functions due to the proximity of the
other nucleus. 44'4' It would be interesting ta see
if such calculations can provide an explanation of
the data.

While the shape and magnitude for the angular
distribution associated with the ["N*(—,

'
) @"Sc(—, )

g.s.] transfer are rather well reproduced by DWBA,
the angular distribution for the ["0*{2')I»"Ca (—,

'
)

g.s.] is poorly fitted both in shape and magnitude.
Analyses" ""of other reactions have shown that,
depending on kinematics and nuclear structure,
multistep processes may contribute significantly
to transfer processes and strongly influence the
magnitude and shapes of the angular distributions.
There are several inelastic two-step and sequen-
tial processes (e.g. , ["0,"0(—,'+)]-["0(—,"),' 0 (~ )]
and ["0,"0(0",2")]—["0(0', 2"),"0*(—,")]) which may
be important; however, detailed calculations are
needed to see whether these can reproduce the ob-
served angular distribution, and also explain why
the "N*(~ ) angular distribution is not anomalous.

A similar situation exists for the angular dis-
tribution to the 1p-2h state at E =2.016 MeV in
'Ca. While the angular distribution for the 2p-1h

states in 4'Sc is adequately reproduced by DWBA,
the angular distribution associated with the Ip-2h
state in 47Ca is poorly predicted; in particular, the
strength is underestimated by a factor of 2-6.
There are several possible explanations: (1) A
more realistic form factor is needed; (2) inelastic-
two-step processes {e.g. , ["Ca.("0,"0)"Ca (2")]
-[~'Ca (2')("0, "0)4'Ca,(-,'- )] }contribute; or (3) se-
quential processes (e.g. , ["Ca("0,"C)"Ca(O', 2')]

-["Ca(0', 2+)("0» "0)"Ca(-,' )] }are important.
While detailed calculations are needed to assess
the situation, some comments can be made at this
time. Regarding explanation (1), studies with (p, d)
and (o, f) reactions ' ' show that there are signifi-
cant neutron 2p-2h admixtures in the 4'Ca graund
state whose inclusion in a microscopic form factor
calculation could provide an explanation of the ob-
served discrepancy. Regarding explanation (2), in
the discussion of the inelastic scattering results
(Sec. VB) it was seen that within a macroscopic
one-step description the nuclear and Coulomb de-
formations are different. Together with the light-
ion transfer results"'4' this strongly suggests
that neutron configurations are involved. There-
fore the parentage for inelastic two step could be
quite large and provide an important route. In
regard to explanation (3) the sequential two-step
process forms a tw'0-hole state ln the f1rst step
and a lp-2h state in the second. The parentages
for these two processes are large and therefore
they may be important.

The. anomalous behavior of the transfer to the
1p-2h state in 47Ca becomes particularly interest-
ing in view of the observation that the transfer to
the 2p-1h states in ~'Sc via ("0,"N) appears to be
in reasonable agreement with DWBA. It is our
belief that an understanding of this behavior will
give information regarding the nature of multistep
processes in heavy-ion reactions and their sensi-
tivity to the detailed structure of the nuclei in-
volved. Thus far preliminary calculations4' for
the population of the 2p-Ih states in 4'Sc via the
("0,"N) reaction have indicated that these tran-
sitions proceed primarily via one-step processes,
as suggested also by the success of the present
DWBA analysis. Calculations for the 1p-2h state
in 47Ca would be of great interest.

VII. TWO-NUCLEON TRANSFERS

A. RESULTS

i. "ca("o,"c)"r» and 4'ca{"0 "og'ca
The experimental results and DWBA analysis

for the ("0,"0) reaction and for most of the ("0,
"C) transitions studied have already been pre
sented in detail in Ref. 50. In the present paper
we in.elude the data as well as a brief summary
of some of the discussion in Ref. 50, for the sake
of completeness ln establishing'-the trends of the
transfer reactions on "Ca. The spectra obtained
at 8„„=25 for the '4C and "0 channels are shown
in Figs. 6 and 4, respectively. The levels labeled
in the spectra are those for which angular distri-
butions were extracted. In the two-neturon pickup
reaction, transitions populating the excited (2'
and 4') states of "0 are particularly strong. As



TABLE VII. Levels populated in ' Ti in the ('"0, ' C) reaction hand their cross sections
compared with those observed in (3He, n) measurements.

3

(MeU)
Q value
(MeV) (mb)

("0, '"C) present work
ill ll X

(0}dO

(mb/sr)

{3IIe,n) "
d~ l'llilX

()
(mb/sr)

0.00
1.55
2.68
3.20

—0.54
—2.09
—3.22
—3.74

0.370
0,480
0.340
0,110

1.60(7')
2.20(6 ')
0.80(6 )
O.22(14 ')

0.40(0 ')
0.08(20 )

4.18
4.32

(2") c

(2")
—4.SQ 0 ~ 570 1 50(6') 0.10(15')

(2'*,4") —5.34 0.260 1.30 (5 ')

5.42 (4') '
0

—5.96 0,180 0.55(S ')

5.85 (2+ 4+) c

0

1.50(7 )

0.70(7 ) 0.27(0 )

' Only levels of ' Ti identi fjed in ("O, ~C) spectra are listed.
b Reference 49.
cL assignments based on shapes of angular distributions in (~69, '"C). See text.
"In Ref. 49 this level has I„=4.44 MeV and 4~ =(2"}.

TABLE VIII. Levels in ~~Ca and ~80 excited in the ( 60, 0) reaction and their cross sec-
tions compared with those observed in (p, t) studies.

Q value a

(MeV)

E..
(MeV)

( "0, 0) present work
"Ca "o

(MeV) (mb)

do. lllll k

dn ("
(mb/sr)

(p, t)"
Q0 ill;l h

dQ

(mb/sr)

—5.04

—6.39

—7.02

—8,59

1.35
2.424
2.575
2.975
3.021
3.615
3.642

0.00

2+
o+

(4+ }
(6 )
2+

3
(2 )

o"

0+

0.00

0.00

3.55

0"

0.190

0.033

0.233

0.224

0.30(12 ')

0.05(19')

0 25(15')

0.27(13 )

2.607(13 ")

0.579(25 ')
0.107(13')
0.131(48 ')
0.067(70 )

0.047(28 ")

0.079(38 ')

' Listed are the Q values of the identi6ed groups.
Reference 54.
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explained in Ref. 50, the Doppler-broadened peak
near 3.5 MeV excitation in the ("0,"0) spectrum
was assumed to arise solely from the transition
to the 4' state of "0 despite ambiguity in resolving
this level from several other possible transitions
of similar Q value.

The levels populated in the present ("0,"C) and
("Q, "0) reactions, and their relative strengths,
are compared in Tables VII and VIII with analogous
results from the ('He, n) (Ref. 49) and (P, f) (Ref.
54) reactions. While both the light-ion and heavy-
ion induced two-nucleon transfers exhibit a high
degree of selectlvlty ln populating stat68 of th6
residual nucleus, there are significant differences
in the selectivity, which can be traced to differen-
ces in kinematic matching conditions. For exam-
ple, the ('He, n) reaction shows a strong prefer-
ence for low L-transfer (L =0 or 2), while ("'0,
"C) shows no such restriction. Qn the other hand,
the heavy-ion reactions populate sharp states over
a much narrower region of excitation energy than
do their light-ion counterparts. Thus, the ('He, n)
reaction strongly and selectively populates states
in 'OTi up to 15-20 MeV excitation. In contrast,
the ("0,"C) spectrum above E„=7 MeV shows no
evidence of selective population of individual
states, but rather appears to arise from either
(1) population of many closely spaced levels in
"Ti, (2) population of Doppler-broadened levels
in "C which congest the energy spectrum, or (3)
some other mechanism [e.g. , ("0,"N*-"C+p)]
which gives rise to a continuum energy distribu-
tion.

The angular distributions for the ("Q, "C) tran-
sitions are shown in Fig. 14, and for ("0,"0) in
Fig. 15. The forward-angle oscillatory pattern
which plovldes a signature of the I tl ansfel ln
the ( 0, C) distributions has been discussed pre-
viously. ""Similar oscillations are observed for
the ("0,"0) transitions leaving "0 in its ground
state, but appear damped out in the angular dis-
tributions corresponding to population of excited
states of "O. The angle-integrated two-nucleon
transfer cross sections [even for the rather well-
matched ("0,"C) transitions] are generally a fac-
tor of -10 weaker than the single-nucleon trans-
fers (see Table I).

48C (160 14~)50'~

The spectl'unl obtained at ~lR~= 25 fol' the N
channel is shown in Fig. 5. Because of the density
of levels ln "Sc and the weak strength of the trans-
fers, positive identification and extraction of the
angular distributions were difficult. The spectra
obtained with the spectrograph shorn that the group
near the ground state has approximately equal
contributions from the 'OSc(5') ground state, and

the "Sc(3 ) state at 0.330 MeV. In the TOF mea-
surements a separation b'etween contributions at
E, =0.00 MeV and E„=0.300 MeV could be ob-
served at most angles and angular distributions
for' these two groups were extracted. Angular
distributions mere also extracted for the transfers
to the "Sc(4') state at 0.756 MeV and the "Sc(1')
state at 1.854 MeV. At higher excitation the spec-
trum becomes too complex for unambiguous iden-
tification of levels. In Fig. 5 the expected loca-
tions of the "N excited states at &„=2.31 MeV (0')
and E„=3.95 MeV (1') are indicated and as can be
seen in the figure there are groups at these ener-
gies. However, as can be seen in Table IX these
energies are also consistent with states in "Sc
and unambiguous identification is not possible
based on these measurements.

The levels populated in the ("0,"N) reaction
are compared with those observed in the ('He, p)
(Refs. 51 and 52) and (o., d) (Ref. 53) reactions in
Table IX. Similar conclusions can be drawn from
this comparison as are drawn from a comparison
of the ("0,"C) and ('He, n) reactions, a strong
selectivity in the levels populated by all these
reactions with quite different preferences in op-

. timum I transfer and Q value. The level selec-
tivity appears correlated with the structure of the
states excited, while the preferences in L space
and energy space are determined by the kinematics
of the different reactions.

The angular distributions extracted for the ("0,
"N) reactions are shown in Fig. 16. The angular
distributions appear to be smooth within errors
and peaked at forward angles, with some indica-
tion of a slight enhancement of strength near the
grazing angle. The angle-integrated cross sec-
tions are of the same order of magnitude as for
the other two-nucleon transfers.

B. OVfBA analysis

The DWBA analysis presented here for the two-
nucleon transfers was carried out under the as-
sumption of a cluster transfer. A detailed analy-
sis for the tmo-proton and two-neutron transfers
was already presented in Ref. 50, where micro-
scopic calculations for the 0'-0' transitions were
also per formed.

In the cluster transfer calculations it mas as-
sumed that the interaction which causes the trans-
fer acts on the center of mass of a correlated
pair of nucleons in an intrinsic Os state. In the
( Oq C) and ( Oq 0) calculations the transferred
pairs are thus characterized by a single intrinsic
state, of spin 8 =0 and isospin T =1, and the pre-
dicted transfer cross section can consequently be
factorized, in the conventional manner, into a
part containing the reaction dynamics and a pro-
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FIG. 15. Angular distributions extracted for the
Ca{ Q, ~ Q) ~Ca reaction. The solid curves are Dgg3A

calculations using the optical&model parameters of
TaMe II in both entrance and exit channels. The DNA
calculations are arbitrarily normalized.
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TABLE IX. Levels populated in 5 Sc in the (~60, 4N) reaction and their cross sections com-
pared with those observed in (3He,P) and (o.', d} reactions.

(MeV)

"Sc
Q value
(MeV)

0, '4N) b

(mb)

d& max

(mb/sr)

( He, P)
dg mBX

dn (')

(mb/sr)

(&,d) d

do mav

dn ("
(mb/sr)

0.00
0.258
0.330
0.756
1.854
2.227
2.331
3.090
3.259
3.287
3.497
3.617
3.682
3.731
3.943

5+
2+

.
3'
4+
1+

(3')
(4+ )
0+

(2')

(2', 3')

—6.85

—7.15
—7.61
—8.70

0.147

0.089
0.032
0.023

0.40 (5 ')

0.15(7 ')
0.12(6 ')
0.05(6 ')

0.06(30 ')
0.08(20 ')
0.14(20 ')
0.02(35')
1.00(7 ')
0.12(2 '}
0.04(35 )

0.40(5 ')

0.30(15 ')
0.04(10 ')
0.10(10 ')
0.20(5 ')

0.18(10 )

0.70(20 ')

0.20(20 ')
0.06(20')
0 ~ 18(32 ')
0.10(20 ')
0.10(20 ')

' Reference 52.
Present work.

0 Reference 51.
d Reference 53.

duct of spectroscopic factors. Such a factorization
is not possible without further assumptions for
the ("0, "N) reaction, since here an additional
intrinsic state of the transferred pair, with S = 1,
T =0, is possible. Even if one confines considera, —

tion to the latter ("deuteron") intrinsic state, more
than one center-of-ma. ss bound state is required
to give a full description of the unnatural-parity
states populated. The cross section is then a co-
herent sum involving the several bound-state wave
functions, each weighted by its associated spectro-
scopic amplitude. Such calculations have not been
performed here. We have included for each (' 0,
"N) transition only a single center-of-mass bound
state for "N and "Sc which, based on shell-model
and kinematic considerations, should provide the
dominant contribution to the cluster transfer. It
is believed that the ("0,"N) angular distribution
shapes obtained in the present ' deuteron-transfer"
calculations would not be greatly altered in more
complete cluster-transfer calculations.

The calculations performed under the above as-
sumptions are represented by the curves in Figs.
14-16. 'The bound-state wave functions were cal-
culated in a conventional Woods-Saxon potential
(r, =1.25 fm, a= 0.65 fm) using the separation-ener-
gy prescription. The curves have been. individually
normalized to the data, at the angles deemed most
appropriate for each transition. The required nor-
malization factors greatly exceed the spectroscop-
ic factors expected from harmonic-oscillator shell-
model calculations in most cases." The calculated

angular distribution shapes reproduce adequately
the oscillatory pattern observed at far-forward
angles for the ("0,"0) ground-state and ("0,"C)
transitions, but fail to reproduce other features
apparent in the measurements. Most notable is
the universal overestimate in the calculations of
the strength near the grazing angle relative to that
at more forward angles. A related problem is the
inability to predict the observed persistance of
oscillations at large angles, e.g. , for the ("0,
"0)ground-state transition. The calculated angu-
lar distributions are sensitive to bound-state pa-
rameters; however, unreasonable changes in
bound-state radii are needed to produce angular
distributions which begin to resemble the mea-
surements,

C. Discussion

Several previous studies"'"'" have focused on
attempting to understand the systematic discrepan-
cies observed here and elsewhere between mea-
sured two-nucleon transfer angular distributions
and conventional DWBA calculations. In these stu-
dies it was noted that, by empirically modifying
optical-model parameters, fits to the shapes of
the angular distributions can be obtained. While
qualitative arguments can be advanced to provide
some explanation for this behavior, "the adjust-
ment of optical-model parameters must be viewed
as an ad hoc procedure. 'The procedure does have
the merit, however, of being able to reproduce
the observed shapes of a surprisingly large num-
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FIG. 16. Angular distributions extracted for the
4 Ca('60, I)~eric reaction. The dashed curves are
DWBA predictions with the assumptions discussed in
the text. The curves are arbitrarily normalized.

FIG. 17. Angular distributions extracted for the
48Ca(~60, ~ C)~ Ti reaction. The solid curves are D%l3A
calculations using modified optical-Inodel parameters
in the exit channel. The curves are normalized to ob-
tain the best fit.
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Fla. 18. Angular distributions extracted for the
48Ca(~6Q, ~BQ)4~Ca reaction. The solid curves are D%'BA
calculations using modified-model optical parameters
in the exit channel. The curves were normalized to ob-
tain the best fit to the data.

ber of transfers, and moreover of focusing atten-
tion on some of the features in the experimental
angular distributions which might otherwise be
overlooked.

For example, shown in Figs. 17 and 18 are the
angular distributions for the ("0,"C) and ("0,"0)
transfers together with D%BA calculations using

a modified but consistent set of optical-model pa-
rameters. , (In the calculations shown, the real
diffuseness for the exit-channel optical model has
been set to 0.7 fm, and a. radial cutoff at R = 8.0
fm has been employed. ) The calculations repro-
duce the observed behavior rather well for essen-
tially all the transfers.

Several features in the experimental angular
distributions become rather obvious when these
modified D%QA calculations are compared with
the data. First, as is most clearly evident in the
("0,"C) angular distributions for the transfers
to the 0', 2', 4', and 6' states in "Ti, the oscil-
latory patterns at forward angles are a clear sig-
nature of the L transfer. " Second, as illustrated
in the ("0,"0) transfers, the shapes of the angu-
lar distributions are quite sensitive to the detailed
bound-state wave functions. Notably, the L = 2
transfers to the "Ca(2') state and "O*(2') state are
seen to exhibit different shapes, although the poor
statistics for the "Ca(2') state tend to obscure the
differences. The differences can be understood in
the framework of D%BA as resulting from the dif-
ferent localization in l space. - This localization in

l space is strongly dependent on the rate of falloff
of the bound-state wave functions beyond the nu-
clear surface.

Several studies have discussed more sophisticat-
ed theoretical calculations for some of the ("0,
"C) and ("0,"0) transfers presented here. "'"'"
For example, Eisen et a/. "have performed D%BA
calculations using microscopic form factors"
(for the L =0 transfers) as well as cluster-model
form factors. Using modified optical-model pa-
rameters the following results were found: (I)
The calculations using cluster-model or micro-
scopic form factors predict essentially the same
shapes for the angular distributions; (2) the refa
tive spectroscopic factors obtained using the clust-
er inodel for the "0(0', 2', and 4'), "Ca(0' and

2'), and "Ti(0', 2', and 6') states were on the
whole in reasonable agreement with those extracted
in light-ion studies, and also with those predicted
using the harmonic-oscillator (HO) prescription;
(3) the absolute cross sections predicted using HO

spectroscopic amplitudes underestimate the ob-
served strengths by factors of 2-1000 depending
on the transitions. %bile the somewhat success-
ful prediction of the relative spectroscopic factors
is encouraging, the large discrepancy in the ab-
solute magnitudes and the shapes (without optical-
model modification) between the calculated angu-
lar distributions and the measured ones is the
most striking. Such discrepancies had been noted
previously in similar studies. 6' En the analysis
of the ('60, "0) and ("0,"C) transfers by Feng,
Udagawa, and Tamura, 6' the effect of using more
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realistic microscopic form factors and the im-
portance of two-step sequential processes were in-
vestigated. 'The shapes of the angular distributions
obtained in their calculations are very similar to
those obtained with the simple cluster model. On
the other hand, Feng et a/. found that with the mod-
ified optical-model parameters of Ref. 50 the ab-
solute magnitude of the cross section was predicted
to within a factor of 2 for a great majority of the
transfers studied. This agreement was due in part
to the improved microscopic form factors used
in the one-step process. But to a, larger extent
this agreement was due to the significant strength
predicted for the two-step sequential transfer,
whi'ch in many cases was as strong or stronger
than the one-step transfer of a pair of correlated
nucleons. The role of inelastic two-step process-
es, for which calculations have not been per-
formed, is also of interest. Such coupled-chan-
nels calculations for two-nucleon transfers have
been performed for other systems"'"'" and show
that the contributions of inelastic two-step pro-
cesses often significantly alter the shapes of the
predicted angular distributions.

VIII. THREE NUCLEON TRANSFERS

A. Results
l. 48C+(16013C)51T1

The spectrum obtained at e„b=25' for the "C
channel is shown in Fig. 6. 'The groups labeled
were identified as levels in "Ti and "C and angular
distributions were extracted. Because of the ener-
gy resolution of the TGF system, the density of
levels, and the weak strength of these transfers,
uncertainties exist in the assignments and the an-
gular distributions extracted. The energy levels in
"Ti and "C are listed in Table X together with the
identifications made in the ("0,"C) reaction. No
ambiguity exists for the "Ti(—, ) ground state. In
the region corresponding. to 1.20-1.60 MeV ex-
citation energy in "Ti three levels are known:
a —,

' state (1.160 MeV), a —', state (1.429 MeV),
and a (-', , —', ) state (1.559 MeV). In this energy
region we observe what appears to be a doublet.
The association of the lower excitation peak with
the —,

'" state is rather clear. Based on the observed
energy of the higher excitation peak over the full
angular range it appears that the major contribu-
tion to it is from the state at 1.559 MeV, although
this identification is by no means certain. The
group at E„=2.15 MeV corresponds to the region
of the known 2.136 and 2.189 MeV levels; we can-
not distinguish between the two. The remaining
two groups near E„=3.1 and 3.7 MeV may cor-
respond either to excited states in "Ti with "C
in its ground state, or to "Ti in its ground state

T~LE X. Levels in Ti identi6ed in the 4 Ca( 6O, ~3C)-
5~Ti reaction.

Q value ~

(MeV)
Ex

(MGV)

5iTi C

X

(MeV) J "

-2.35

=3.51

-3.85

—4.50

-5;51
—6,11

(-5.43)

(-6.03)

0.00

1.160

1.429

1.559

2.136

2.189

2.69

2.896

3.164

3.759

0.00

0.00

(5- 7-)
2 'Y

(3 )
7—
2

1 3
2 ' 2
1- 3-
2 ' 2

g+
2

2
3-
2

0.00

0.00

0.00

0.00

0.00

0.00

3.08

3.68

2
0.042

0.034

0.040

2
0.128

1-
2
g+
2

0.058'

0.231'

(0.058)

(0.231)

Listed are the Q values of the groups identified.
The levels at E„~3.15 and 3.70 MeV are consistent

with the identification as excited levels in 5~Ti or.ex-
cited levels in ~3C.

with "C in its excited states. At higher excita-
tion, as for the "C channel, there is significant
strength, but with our resolution it is not possible
to identify levels, or even to determine whether
there are many closed spaced levels or a smooth
background.

The angular distributions extracted for the six
groups discussed are shown in Fig. 19. 'The an-
gular distribution associated with the "Ti(-, )
ground state shows a pronounced oscillatory struc-
ture despite the poor statistics. 'The other angular
distributions extracted have such large error bars
and fluctuations that little information other than
the presence of forward peaking and the angle-in-
tegrated strengths (see Table X) can be obtained.

The calculations shown in Fig. 19 were per-
formed under the assumption of a cluster transfer
using bound-state wave functions computed in the
usual separation-energy prescription (r, = 1.25

fm, and a=0.65 fm). No attempt to predict the
magnitude was made and the D%BA angular dis-
tributions shown in Fig. 19 were arbitrarily nor-
malized to best reproduce the data. As can be seen
iri the figure the predicted shapes are roughly con-
sistent with the data. For the "Ti(—, ) grourid-state
transfer the calculated angular distribution does
exhibit oscillator behavior; but the structure ap-
pears to be out of phase with the data. Such out-
of-phase behavior has been observed in other
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The three-proton stripping reaction ("0,"8) is
weak and a meaningful spectrum was obtained only

after the yields measured at several angles were
summed (see Fig. t). Despite the poor statistics,
groups are observed at Q values consistent with

excitation. of low-lying levels in "V. Noted in

Fig. 7 are the location of levels in "V together
with the first excited state in "B. 'She known

states in "V are compared with the levels popu-
lated in 'Table XI. As discussed previously" the
reaction appears to be populating all the low-lying
states in "V which are predominantly of (f,~,)'
character. '

No meaningful information about the
angular distributions other than their forward
peaked character and their rough average strength
was obtained.

48 cg(16 0 I 9g)45 gg

The yields for the "0 channel are also so small
that a meaningful spectrum was not obtained at a
single angle. The spectrum shown in Fig. 4 was
obtained after spectra measured at several angles
were summed. Indicated in the figure are the lo-
cations of known low-lying levels in "Ca and "O.
Despite the poor statistics the data show that the
ground state and/or the first excited state in "Ca,
are populated most strongly in this three-neutron

O. I g+
5.76 MeV 2 "v 13B

TABLE XI. Suggested identification of levels populated
in 48Ca(160, ~3B) V reactions.

O.OI =

Q value'
(MeU)

Ex E
(MeV) J " (MeV) (mb)

I I I I I I I I I I I I I I I I I I I I I & I I I & I I & I I I I I I s i I I I I I I I I & I r I I & I & I I I I I I I & s s I I I I I I I I I I
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FIG. 19. Angular distributions extracted for the
Ca( 0, 3C)~ Ti reaction. The solid curves are DNA

calculations using the optical-model parameters of
Table II in both the entrance and exit channels. The
dashed curves represent the predictions for the larger
spin assignment in each case. The curves are nor-
malized so as to obtain the best fit to the data.

reactions [e.g. ,
"""Ca("C "N)""'"K] (Ref.

63) and the theoretical attempt" to understand this
phenomenon suggests that inelastic two-step pro-
cesses may provide the explanation. It is also in-
teresting to note that in a recent paper, Kubono
et al."seem to account successfully for a similar
phase discrepancy observed in the angular distri-

-13.32

—13.64

-14.93

—15.13

-15.73

0.00

0.320

0.929

1.609 (5 )

1.813 (p )

2.409 (V )

2.545
2

2.675

2.699 (2 )

2.790

0.00

0.0

0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0

3.48

3-
2
3-
2

3
r
3
2

3-
2

(-- -)5+
2t 2'2

«0.007

Listed are Q values for the group identified.
The symbol * indicates a group was observed at that

Q value.
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pickup reaction. " Because of the small cross
sections no angular distribution information, ex-
cept that the strength is forward peaked, was ob-
tained from this study.

B. Discussion

The three-nucleon transfers for which the yields
were sufficient to obtain spectra, were the ("0,
"C), ("0,"B), and ("0,"0) reactions, which in
the simplest picture correspond to transfer of
'He, 3p, and 3n clusters. " "She strongest of
these, the ("0,"C) transfers, are observed to
have cross sections about 100-200 timey weaker
than observed in inelastic scattering and the single-
nueleon transfers. The estimates for the three-
neutron and three-proton transfers indicate that
their strengths are approximately 10 times weaker
than the ("0,"C) transfers.

Despite their weakness, the three-nucleon trans-
fers, as do the two nucleon transfers, demon-
strate a strong selectivity. While the ("0,"C)
spectrum is rather complex, the ("0,"B) and
("0,"0) spectra at first glance seem simple.
Namely, the dominant configuration expected
["Ca*(f,»)'] and ["Ca*(f,&, ')'] for the ("0,"B)
and ("0,"0)reactions, respectively, appear tobe
populated most strongly in these reactions. 'The ob-
servation of these levels to the exclusion of others is
significant, but does not in itself distinguish be-
tween possible reaction mechanisms; e.g. , three-
nueleon simultaneous transfer versus sequential
transfer.

IX. FOUR- AND FIVE-NUCLEON TRANSFERS

48 Ca(16 O 12C)52 T ~

The spectrum obtained for the ("0,"C) reaction
is shown in Fig. 6. This channel is particularly
difficult to study because of the large "C yield
from the carbon backing which tends to obscure
the contributions from "Ca. While there are
several low-lying levels in "Ti which are free of
contaminants for most of the angular range stud-
ied, the strength of the four-nucleon transfer to
these levels is very weak (&10 pb/sr). As labeled
in Fig. 6 three low-lying states, the "Ti(0') ground
state, the "Ti(2') state at 1.045 MeV, and the
"Ti(2', 2) doublet at =2.35 MeV, were observed at
several angles, but no angular distributions were
extracted. It should be noted that at large angles,
where no contaminant lines are present, the shape
of the energy distribution is similar to "C and
"C and the strength of the "C channel is large
compared to "C a,nd '4

2. Ca( 60 2B) V and4 Ca( 0,1 B) V

The yields for the "Band "8 channels were
weak and meaningful spectra were obtained only

after summing the kinematically corrected spec-
tra measured at angles over the range 9'—0 —25'.
The spectrum for the three-proton-one-neutron
transfer ("0,"B)is shown in Fig. 7. The high
density of levels in "V and "Band the limited en-
ergy resolution of our system prevented identifi-
cation of the levels excited. The expected loca-
tions of the six lowest-lying levels in "V and the
first two excited states in "Bare indicated in the
figure. 'The strength of the ground-state group
is estimated to be r ~ 2 pb.

Likewise in the five-nucleon transfer ("0,"B)
unambiguous information concerning level popula-
tion cannot be extracted from the data. The low-
lying levels in "V and "Bare indicated in Fig. V.

However, this information does little more thin
confirm that we are indeed seeing "Bwith kine-
matics consistent with the "Ca.("0, "B)"Vtwo-
body reaction. The ground-state group indicated
in the figure is estimated to have a cross section
0 —4 pb. As can be observed from the figures,
the great majority of the strength for both "B and
"B is located at higher excitation in their respec-
tive residual nuclei and the "B channel is about an
order. of magnitude stronger than the "B channel.

X. EXOTIC TRANSFERS

A. Results

48Ca('60 '6N) 48$

The spectrum obtained for the ("0,"N) reaction
is shown in Fig. 5. While the resolution doesnot
allow for unambiguous identification of the levels
populated because of the level density in both "Sc
and in "N, the data do clearly show that the reac-
tion is selective with significant strength in two

groups logated below 2 MeV excitation in "Sc.
Measurements with the spectrograph showed that
the two groups have complex structure with con-
tributions from several transitions involving ex-
cited states. of both "Se and "N. In Table XII the
levels populated in ('He, f) (Ref. 67) and ('Li, 'He)
(Ref. 66) reactions are compared with our results.
The angular distributions for the groups near the
ground state and at E„=1.2 MeV are shown in Fig.
20. The mechanism for the ('60, "N) reaction is
not clear at present. Based on results of analysis
of the ('Li, 'He) reaction, it might be expected that
the charge-exchange process is quite weak. Cal-
culations of sequential processes such as ("0,
"N)("N, "N) or ("0,"0)("0,"N) have not been
performed. The angle-integrated cross sections
for the ("0,"N) groups extracted are comparable
to those for the two-nucleon transfer reactions.

48 ( a(16O 15( )49 y"

The spectrum for the ('60, "C) reaction is shown
in Fig. 6. While this reaction is rather weak there



TABLE XII. Groups observed in the ( ~0, ~N) reaction compared with results of ( He, t)
and ('Li, 'He) studies.

Q value~
(Mev)

0, 'N) present work
"Scb "N

J' 7I

d& mav

dQ

(mb/sr)

( He, t)
dg ITlBX

dQ-
(mb/sr)

(6L 6H )
d

do- max

dQ

{mb/sr)

—11,28

0.00 6+

0 131 5"
0.252 4
0.622 3
1.096 7+

1.143 2
2.521 1

0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.223 0.20

0.10
0.12
0.20
0.30
0.13
0.50
0.40

0.005
0.015
0.010
0.030

0.040

0.150

6.667
0.00

0.00

0 00 2
6 0121 0 .

6+ . 0.297 3
6+ 0.397 1

0.50

'- Listed are the Q values of the groups identified.
b Excitation energies and spin assignments as quoted in (~He, t) study of Ref. 67.
c Reference 67.
d Reference 68.
'Spectrograph measurements indicate that the excited states of 6N contribute to this

strength.

are sufficiently few low-lying levels in the "Ti
+ "C system that unambiguous identification of the
lower few levels is possible. " %eakly populated,
but present are the ["T (-', )g.s.8 '~C(2 )g.s.] and
the ["Ti(—',")8"C(—,'')g. s.] levels. More strongly
populated are groups at Q values of -11.0 and
-j2.5 MeV which are identified as the ["Ti(—', )
8 "C(~')] and ["Ti(—,', —,

'
)8 "C(-,")]states, re-

spectively. As can be seen in Table XIII, the
group at Q = -12.5 MeV. could possibly be identified
as the population of the ["Ti(-,' )8 "C*(-,")]state;
however, based on our energy calibration the
identification indicated above is preferred. These
transfer processes are comparable in strength to
the ("'0, "C) transfers which can proceed via a
standard cluster transfer and whose Q matching
is much more favorable. The data clearly show a
strong enhancement in the population of the states
of "Ti via the excited state of "C in preference
to the "C ground state. Angular distributions are
shown in Fig. 21.

3. "Cay"0,"Wy47Sc

The ("0, "N) reaction is very weak and tbe spec-
trum shown in Fig. 5 was obtained by summing
spectra obtained at several angles. Very little
can be inferred beyond the observation that the
energy spectrum is consistent with the population

of low-lying levels in "Sc. No angular distribu-
tions wel e obtained.

B. Discussion

The data, for these ' exotic" transfers are of par-
ticular interest because they potentially provide
information about the importance of multistep pro-
cesses proceeding via sequential transfer. %bile
such processes may be important in such trans-
fers as ("0,"0) and ("0,"C), there is no direct
way to establish their importance. In the case of
the exotic" reactions considered here, however,
the reaction cannot proceed via transfer of a clust-
er and most probably proceed via a sequential
process. In particular the (' 0, '

N), ("0,"N), and
("0,"C) reactions correspond to (one-proton
stripping-one-neutron pickup), (one-proton strip-
ping-two-neutron pickup), and (two-proton strip-
ping-one-neutron pickup reactions), respectively.

The only reaction for which calculations have
been performed is ("0,"C). Two-step sequential
calculations by Udagawa, Tamura, and I ow
considered 'the routes ("0,"C)-("C,"C) and
("0,"0)- ('"0, "C). Tbe results of these calcula-
tions are shown in Fig. 21. %hBe the statistical er-
rors are large, the predicted shapes of the angular
distributions are consistent with the data. More-
over, the calculations also predict the relative mag-
nitudes of the transfers populating the "Tiground
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FIG. 20. Angular distributions extracted for the
48Ca("O "I)"Screaction
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FIG. 21. Angula, r distribution extracted for the
48Ca('~O, '~C)4~Ti reaction. The curves shown are cal-
culations for the sequential transfer processes indi-
cated in the figure (Hef. 70).

TABLE XHI. Q values and levels identified in the (~60, ~5C) reaction. The last column lists
angle-'integrated cross sections.

Q values '
(MeV)

48Ti

Z„(MeV) J ' "c
E„(MeV) (mb)

-10.27

-11.65

0.00

1.585

1.622

1,723

2
1

Y 2
3—
2

0.00

0.00

1+
2

f +

r

0.003 +0.001

—12.53

—11.01

(—12.39)

0.00

5- 7-
' 2

0.00

0.740

0.740

0.019~ 0.004

0.015 +0.003

(0.019+0.004)

Listed are the Q values of those groups identified.
The group at @=12.5 MeV was identified as the Ti(2, 2 ) level. See the text.
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state with "C in its ground state and first excited
state. Further calculations for the other reactions
would be of interest, especially in view of the cal-
culations" for two-nucleon transfers which indi-
cate that even there sequential processes may
provide a sizable, and in some cases a dominant,
contribution to the transition.

In this study of "0+"Ca at E„b= 56 MeValldi-
r6ct I'6Rction cI1RQnels of signiflcRQt Strength wex'6

measured. Conventional D%BA calculations were
performed for a large number of these transitions
and compared with experiment. From the data
Rlone severRl features Rx'6 RppRI'ent:

(1.) The dominating importance of kinematic
matching conditions is illustrated in the selectivity
of the reaction channels populated. The only chan-
nels observed with significant strength are those
reactions where the kinematic matching is fa-
vorable. 'These correspond for the "0+"Ca sys-
tem t;o reactions involving one or more neutron
pickup and one or more proton stripping.

(2) 'The strongest transitions observed are in-
elastic scattering and single-nucleon transfer
reactions. In particular, four transitions, the in-
elastic excitation of "Ca(2') and "Ca(3 ), and the
single-nucleon transfers "Ca("0, "N)"Ca(-', )g.s.
and "Ca("0,"0)"Ca(-,' )g.s. account for =25% of
the entire direct reaction strength. " 'The cross
sections decrease rapidly as more nucleons are
transferred (i.e., factors of 5-10 per nucleon
transferred). As the number of protons stripped
increases it is observed that the reaction strength
shifts from low-lying levels in the residual nucleus
to 11igh6I' excitation 6nel gy-

(3) The single and multinucleon transfer reac-
tions Sllow a, stx'ong 8616ctivity in table lev618 pop-
ulated. In cases where comparison is possible
this selectivity appears to be the same as that
observed in light-ion induced reactions after the
differences in kinematic matching conditions are
taken into account.

(4) The shapes of the angular distributions ob-
served show a clear evolution as a function of the
number of nucleons tx ansferred. Specifically. y, for'

single-nuc1. eon transfers there is prominent
strength near the grazing angle which disappears
as more nucleons are transferred. For the mul-
tinucleon transfers which are well matched a pro-
nounced forward angle diffraction structure is ob-
served which is characteristic of the L transfer.
As the reaction becomes more poorly matched,
this diffraction structure is rapidly damped re-
sulting in a smoothly varying formard peaked dis-

tribution. Such an evolution as function of nucleons
transferred and matching conditions is clearly
seen when all channels are measured simultaneous-
ly Rs 1Q this study.

(5) Transfer reactions were observed which could
only proceed via multistep sequential processes
[i.e., ("'0, "C), ("0,"N), and possibly ("0, "N)].
These reactions give an indication of the impor-
tance of such processes and are observed to be
roughly of the same strength as transfers ob-
served for "cluster" transfer involving the same
number of nucleons.

From comparison of theoretical calculations
with experiment, Rddltlonal conclusions cRQ be
dx'Rwn:

(1) Inelastic scattering Co.mparison of DWBA
calculations for inelastic scattering to the "Ca(2')
and "Ca(3 ) states with experiment shows that
reasonably good fits ean be obtained. However,
the detailed behavior is not reproduced and, in
particular for the "Ca(2') state, a nuclear defor-
mation different from the charge deformation is
needed to reproduce the observed magnitude. Mi-
croscopic form factor and coupled-channels cal-
culations ~ould be of interest to investigate these
dls crepancles.

(2) Single nucleo-n transfers DWB.A calculations
for single-nucleon transfers to single-particle or
hole states are found to reproduce the absolute
cross section to =20/0 and the observed shapes of
the angular distributions fairly well. For the
transfers to the more weakly populated states,
for example, the 1p-2h state in "Ca and the
["0*(-,")S"Ca(—,

' )g.s.] in the ("0,"0) reaction,
0%HA calculations are unable to reproduce either
the strength or the shapes of the angular distri-
butions observed. It is of interest to know whether
inclusion of more complex reaction processes
would result in a better description of the data.

(3) Muttinucteon transfers. Comparison of
D%BA calculations wiN. the measured angular dis-
tributions reveal that similar discrepancies be-
tween theory and experiment are found in essen-
tially all cases considered, : namely, the strength
predicted near the grazing angle is not observed in
the data, and the absolute cross sections are too
small by factors of 2-1000. The calculated shapes
of one-step processes are not appreciably altered
by the inclusion of two-step sequential transfer,
although much better agreement in the magnitudes
is obtained. It therefore becomes of interest to
see whether coupled-channels contributions can
provide the necessary alterations in both magni-
tude Rnd SIlRpe.

In summary, compax'ison of conventional DWBA
calculations with measured angular distributions
for inelastic scattering and transfer reactions ob-
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served in the "0+"Ca reaction at E„„=56 MeV
reveals that DWBA theory poorly reproduces ex-
periment for a large fraction of the transitions
considered. The possible explanation suggested
by the calculations performed for some of the
transitions discussed here and those observed in
other reactions is that more complex reaction pro-
cesses play an important role. If such a strong
interdependence between the various direct chan-
nels exists then experimental information for
several reaction channels must be used to fully
understand any single channel. In this study we
present experimental measurements for all reac-
tion channels of significant strength and thereby
sufficient data to provide guidance, as well as a
stringent test, for theoretical models which are

applied.
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