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Reactions to resolved states and to non-fusion channels for ' 0+ Ca at Et,b
——158.2 MeV
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(Received 22 March 1982)

In a study of the system ' 0+"Ca at E]ab( 0)=158.2 MeV, we have measured elastic,
inelastic, and single-nucleon transfer cross sections to resolved final states, and the non-
fusion reaction cross section. The measured cross sections to resolved states generally agree
with the predicted magnitudes and angular distributions from exact finite-range distorted-
wave Born approximation calculations. The total non-fusion reaction cross section, 0.NF, is
measured to be 0.66+Do& b. These results are compared with other studies made at dif-
ferent bombarding energies, and for other systems.

NUCLEAR REACTIONS Ca(' 0 ' 0), Ca(' 0 ' 0')
a("0,"N), "Ca("0 "0) "Ca("0+) X=Li-Al, Elab ——158.2 Me

measured o(0), ox,' optical model and DWBA analysis.

I. INTRODUCTION

The validity of DWBA as a single-step, direct re-

action approximation to heavy-ion-induced inelastic
and single-nucleon transfer reactions has been dis-
cussed intensively in recent years. ' A situation
where DWBA is expected to adequately describe
such reaction data is that of transitions to well-

known single-particle states in collisions between
closed-shell nuclei. In a previous experiment car-
ried out for the closed-shell system ' 0+ Ca at

E~,b(' 0)=56 MeV, good agreement was found be-

tween measured cross sections and DWBA predic-
tions for the inelastic and single-nucleon transfer
channels. A question which could not be answered
from that experiment is whether DWBA is also able
to predict the incident energy dependence of these
processes to energies far above the Coulomb barrier.
The only other closed-shell system where single-
nucleon transfer data exist over a large energy range
is ' 0+ Pb. ' Results from the Pb data show
serious disagreement with the energy dependence
predicted by DWBA, particularly at the higher en-
ergies, involving factors of 2 to 3.

In order to test whether similar discrepancies oc-
cur for ' 0+ Ca, we have measured inelastic and
single-nucleon transfer cross sections for this sys-
tem at E~,b(' 0)=158.2 MeV. This energy is 4—5
times the Coulomb barrier for ' 0+ Ca as com-
pared with -4 times the barrier for the highest en-
ergy used in the ' 0+ Pb study; and it is a factor
of -5 higher at the barrier than for the same sys-
tem at 56 MeV incident energy. In terms of the

relative velocity at the barrier, which may be the
parameter more relevant to the reaction behavior,
the present experiment has a value -3 times larger
than that of the 56-MeV case, and is about the same
as that for the Pb experiment.

We have also measured the non-fusion reaction
cross section, oNF, for ' 0+ 'Ca at E),b(' 0)
=158.2 MeV. Our interest in this measurement
was to compare the result we obtained at this ener-

gy with a previous measurement of oN& made at
E~,b(' O)=56 MeV, and with fusion cross section
data which exist for ' 0+ Ca over this energy
range.

II. EXPERIMENTAL METHODS

The experiment was carried out at Argonne Na-
tional Laboratory using a ' 0 beam from the Ar-
gonne superconducting linac. The " Ca target
(97.5% enriched) was -200 pg/cm thick and was
evaporated on a -20 pg/cm carbon backing. A
self-supporting -20 pg/cm carbon target was used
to subtract the effects of the carbon backing.

The scattered nuclei were detected in two silicon
hE-E telescopes. The ~F- and E detector
thicknesses were 30 and 500 pm for the more for-
ward angle telescope (b 0=0.059 msr), and 30 and
300 pm for the more backward angle telescope
(EQ=0.216 msr). The grazing angle at 158 MeV
incident energy is O~,b- 1 1'. The measurements
were extended in angle to the region where the elas-
tic scattering cross section has dropped to less than
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FIG. 1. Energy spectra for different Z channels taken at H~,b
——9'. The arrow points to the optimum Q value calcu-

lated from Siemens et al. (Ref. 161. Note that the high Q value "peaks" in the X-channel spectrum arise from the car-
bon backing subtraction.

10 of Rutherford scattering. Thus spectra were
measured in the angular range 3 &0&,b&18'. Fig-
ures 1 —3 show some representative one-
dimensional energy projections. The energy resolu-
tion (FWHM) obtained for resolved levels was at
best 390 keV and typically =500 keV (0.3 —0.4%}.

A silicon monitor detector at 10.5 provided the
relative cross section normalization. Absolute cross
sections were obtained by normalizing the elastic
scattering cross section to Rutherford scattering at

O~,b
——3'. A 10% uncertainty is estimated in the ab-

solute normalization, resulting from target spot in-
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and where (A~, Z~) and (A2, Z2). refer to the mass
and charge of the projectile and target nuclei,
respectively. A wide variety of parameter sets fit
the experimental data equally well; the parameter
set given in Table I resulted from a four-parameter
fit varying the potential geometry and choosing as
start parameters those of the potential obtained in
the ' 0+ Ca experiment at 56 MeV incident ener-

gy (also listed in Table I). All of the potentials
which gave good fits to the data had values of a„
and a; in the range 0.61—0.67, characteristically
larger than those obtained at 56 MeV.

FIG. 2. Energy spectrum for the oxygen channel tak-

en at e~,b
——10' showing elastic, inelastic, and neutron

pickup states.

stabilities and angular uncertainties.
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III. ELASTIC SCATTERING

Figure 4 shows the experimental elastic scattering
angular distribution scaled by Rutherford scattering
and an optical model fit to the data. In contrast to
the smooth exponential behavior at backward angles
observed at 56 MeV, the present data indicate dif-
fractionlike oscillations similar to those seen in
' 0+ Ca elastic data at similar energies.

The fit to the elastic data was performed with the
computer code pToLEMY, and the optical potential
parameters corresponding to the fit shown in Fig. 4
are given in Table I. The potential took the form
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FIG. 3. Energy spectrum for the nitrogen channel
taken at Hhb

——12' showing proton stripping states.
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TABLE I. Optical-model parameters obtained from a fit to 158.2 MeV elastic scattering
data, and from the 56 MeV experiment of Ref. 2.

Ei8b

(MeV)

158.2
56

V
(MeV)

100.1
100.1

ror

(fm)

1.063
1.200

a„
(fm)

0.639
0.500

8'
(MeV)

24.0
24.0

ro;

(fm)

1.207
1.207

ag

(fm)

0.629
0.482

roc

(fm)

1.063
1.200

Uncertainties in the measured elastic cross sec-
tion come from three major sources: (1) the as-

sumption that the cross section at 3' is equal to
Rutherford, (2) contamination of the elastic yield at
forward angles from Ca (-2%), ' C (-1%),and
' 0 ( &0.5%), and (3) statistics at the backward an-

gles.

IV. EXPERIMENTAL RESULTS FOR
TRANSITIONS TO RESOLVED STATES

48ca(16O 16O~ )48Ca

The two inelastic states which were observed in
this experiment, Ca(2+ ) at 3.83 MeV and

Ca(3 ) at 4.51 MeV, are indicated in Fig. 2,
which is an energy spectrum for the oxygen channel
at H~,b

——10'. Figure 5 shows the measured inelastic
angular distributions. The absence of data in the IOOO=

IOO

l

48Co (l60 160 )48Co

E lab
= l58.2 MeV

angular region 11'—16' is due to the overlap of the
p+' C and "p+"p e].astic peaks with the 4 Ca

inelastic peaks for these angles. The large error
bars, which are particularly evident at forward an-

gles, are due to the high background from the elas-
tic scattering tail and errors in separating the in-

completely resolved 2+ and 3 peaks.
The experimental total cross sections for the 2+

and 3 inelastic channels are found to be 5.7+2.7
mb and 7.8+2.5 mb, respectively. Since the angu-
lar regions O~,b & 3' and 0&,» 18' were not measured
in the present experiment, it was necessary to esti-
mate these contributions and the resulting uncer-
tainties in them. One way of doing this is to fit an
exponential to the measured region and extrapolate
to larger and smaller angles. This method finds the

l
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FIG. 4. Elastic scattering angular distribution. The
solid line is the optical model fit using the parameters
given in Table I.

FIG. S. Inelastic scattering angular distributions for
the states Ca(2+) and Ca(3 ). The solid lines are
absolute DWBA predictions.
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TABLE III. Spectroscopic factors used in DWBA
calculations for Ca(' 0, ' 0) Ca channels.

IO

8.2 MeV
{MeV)

0.00

0.00

2.59

2.62

7—
2
7—
2
3+
2
1+
2

6.7

6.7

3.4

1.8

E,„
(MeV)

0.00

0.89

0.00

0.00

5+
2
1+
2
5+
2
5+
2

CS

0.81

0.71

0.81

0.81

IO

'Reference 9.
References 10 and 11.

b thus the average of the upper and lower limits, the
uncertainty in this value being the range of the lim-

its. This method was applied to all inelastic and
transfer channels, and is found to account for most
of the quoted error values for the angle-integrated
cross sections.

B. 4'Ca("O, "N)"Sc

O.I,
0

I

IO

I I il I

l5 20 25 30

Figure 3 shows the nitrogen-channel energy pro-
jection measured at O~,b

——12. The single-proton

stripping transitions to the lf7/2(g. s.) and

2p3/2(3. 08 MeV) single proton states in Sc are

FIG. 6. Proton stripping angular distributions for the
states Sc(

2 ) and Sc{
2 ). The solid lines are

DWBA predictions.

H„b' 18' contribution to be -2% of the total cross
section, in agreement with using a DWBA extrapo-
lation, and can therefore be neglected. For 81» &3',
this exponential extrapolation is used as an upper
limit estimate, a lower limit estimate being obtained
from an exponentially decreasing cross section to-
wards zero degrees. The contribution for H~,b(3' is

TABLE II. Deformation parameters used in DWBA
calculations for inelastic scattering to the Ca(2+) and
" Ca(3 ) states.

IOOO=

IOO=

IO=—

~ l00
E

IO

IO=

I l

48C (160 170)47C

E lab l58.2 MeV—

CQ(7/2. )
g.S.

Ca(I/2++'/2 )=
2.60 MeV

(MeV)

3.832
4.505

2+
3

0 103'
0.204'

pN

0.161'
0 170

0(I/2 )
„0.89MeV

'Deduced from (e,e') 8(EL;'t) measurements of Ref. 8

using

O.I,
0 5 IO

I I

l5 20 25 50

Pg=4n[B(EL;t)]'i /3Z2e(R, )

where 8,=1.2032'~3.
"Fitted value from 56 MeV experiment from Ref. 2.

FIG. 7. Neutron pickup angular distributions for the
states Ca( —, ), Ca(2 + 2 ), and ' 0{

2
). The

solid lines are DWBA predictions.
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TABLE IV. Spectroscopic factors used in DWBA
calculations for 48Ca(&6O &5N)49Sc channels.

E
(MeV)

0.00

3.08

49Sca

7—
2
3—
2

CS

1.00

0.703

E,„
(MeV)

0.00

0.00

15Nb

1—
21—
2

CS

2.00

2.00

'Reference 12.
References 2, 13, and 14.

clearly resolved. The experimental angular distribu-
tions for these states, shown in Fig. 6, are observed
to have an exponentially decreasing cross section
with angle, with oscillations superimposed for the

f7~2 channel.
The experimental total cross sections for the

Sc( —, ) and Sc( —, ) channels are measured to be

5.5+1.2 mb and 3.0+0.7 mb, respectively.

48Ca( 16O 17O)47Ca

Experimental angular distributions of single-

neutron pickup (Fig. 7} were extracted for transi-
tions to the lf7r2 '(g.s.) and unresolved 2s&&2

and ld3/2
' single-neutron hole states (2.6 MeV) of

Ca, and the excited projectile state
' 0( —, ) 8 Ca( —, ) at 0.89 MeV. The angular
distributions are fairly structureless and fall off ex-
ponentially with increasing angle.

Since individual masses were not separated in this
experiment, the Ca( —, ) and " Ca( —, + —, )

peaks have contributions of 20—30% from the
' O(0+) and the ' O(4+) final states. Since the
' O(2+) peak could be resolved (see Fig. 2), this
yield was used together with the relative two-
neutron pickup cross sections measured at 56 MeV
for this system to subtract out these background
contributions.

The experimental total cross sections for the
Ca( —, ), Ca( —, + —, ), and ' 0( —, ) channels

are 23+7 mb, 15+7 mb, and 8.2+3.2 mb, respec-
tively.

calculations at 158 MeV in a way that is consistent
with the 56 MeV calculations. In order to accom-
plish this, we have used, wherever possible, the 56
MeV parameters in our DWBA calculations. As a
result, only the optical-model parameters shown in
Table I differ in the 158 MeV calculations from
those at 56 MeV. It should be reemphasized that
both sets are the result of optical-model fits to elas-
tic scattering data at the respective energies, and at
both energies the entrance and exit channel optical
potentials were identical.

The DWBA calculations were performed with
the exact finite-range code PTQLEMY. Tables
I—IV give some of the parameters used in the cal-
culations. The bound-state parameters used for all
of the transfer calculations were the same as at 56
MeV incident energy and are characterized by the
following: (1}ro = 1.25 fm and ao =0.65 fm, (2) no
spin orbit term was included, and (3) the well depth
was established using the separation energy
prescription. Similar to Ref. 2 we find that varying
the bound-state parameters would change the
overall normalization of the angular distribution,
but not its shape.

48Ca( 160 16Pt )48Ca

Figure 5 shows the angular distributions calculat-
ed with DWBA for the inelastic channels. Within
the relatively large error bars and limited number of
data points, the overall magnitude and oscillatory
structure is fairly well predicted by DWBA. At
backward angles for both states, DWBA tends to
slightly overpredict the cross section, as was also
seen at 56 MeV.

Table V compares the DWBA and experimental
inelastic total cross sections at 158 MeV. For the
sCa(3 ) channel, agreement within the experimen-

tal uncertainty exists, and for the Ca(2+) channel,
DWBA predicts a value slightly too high. Note
that in order to obtain a reasonable comparison be-

tween DWBA and experiment at 158 MeV, the ra-
tio DWBA/Exp in Table V is evaluated by integrat-
ing do./d0 over the experimentally-measured angu-
lar range 3'(O~,b & 18'.

V. 0%'BA ANALYSIS

The main goal of the present work is to investi-
gate the degree of agreement for discrete transitions
between DWBA and experiment at 158 MeV in-
cident energy and compare it with that at 56 MeV.
It is therefore necessary to carry out the DWBA

g 48C (16O 1 N)

The predicted DWBA angular distributions for
the Ca(' 0, ' N)" Sc reactions are shown in Fig. 6.
The angular distributions for both the Sc( —, ) and

Sc( —, ) states are predicted to be oscillatory, su-
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TABLE V. Comparison of experimental cross sections with DWBA predictions for the ' 0+ Ca inelastic and
transfer channels.

158.2 MeV 56 MeV"
o.(158.2 MeV)

o.(56 Mev)

Reaction

(16p 16p&)

(16p 16p~)

(16p 17p)

(16p 17p)

(16p 17p)

(16p 15N)

(16p 15N)

3
7—
2
1+
2
1+ 3+
2 +2
7—
2
3

2

E,„
(MeV)

3.832

4.505

0.00

0.89

2.60

0.00

3.08

~(Exp)
(mb)

5.7+2.7
7.8+2.5

23 +7

8.2+3.2

15 +7

5.5+1.2

3.0+0.7

DWBA'
Exp

1.6+0.5

1.1+0.2
0.6+0. 1

0.2+0. 1

2.0+0.4

0.9+0.1

1.3+0.1

o.(Exp)
(mb)

6.0 +0.6
5.7 +0.6

10.9 +1.1
0.59+0.06

1.62+0. 16

10.3 +1.0
4.9 +0.5

DWBA
Exp

1.2+0. 1

1.2+0. 1

1.0+0. 1

1.5+0.2

2.0+0.2

0.9+0.1

1.5+0.2

Exp

1.0+0.5
1.4+0.5

2.1+0.7

13.9+5.6

9.3+4.4

0.5+0. 1

0.6+0.2

DWBA

1.2

1.2

1.2

7.2

0.5

At 158 MeV, DWBA/Exp is evaluated by integrating do. /dQ over the measured angular range, i.e., 3'&81,b& 18'.
"From Ref. 2.

perimposed on a more or less exponential falloff
with angle. The character of the data is well repro-
duced by the calculated curves, although there
are disagreements in detail. For the Sc( —, ) chan-
nel, the oscillatory pattern of the data seems shifted
forward in angle relative to that of the DWBA pre-
diction by about 1', in addition to being under-
predicted in magnitude at foward angles. The

Sc( —, ) channel data is oscillatory at extreme for-
ward and backward angles, but shows less structure
than predicted by DWBA for intermediate angles.
In spite of these discrepancies, the quality of the
agreement between DWBA and experiment for the
( 0, ' N) channel angular distributions is quite
reasonable and comparable to that seen in the 56
MeV experiment. The cross sections predicted by
DWBA for the (' 0, ' N) channels at 158 MeV are
compared with experiment in Table V.

48C ( 16O O)

Figure 7 shows the angular distributions calculat-
ed with DWBA for the Ca(' 0, ' 0) Ca channels.
The degree to which DWBA is able to describe
these channels is similar to that found at 56 MeV.
For the Ca( —, ) channel, DWBA correctly
predicts the cross section except at the most for-
ward and backward angles. DWBA describes the
shape of the Ca( —, + —, ) channel well, but over-
predicts the overall magnitude of the cross section
by a factor of 2, as was the case at 56 MeV. A
quite different situation occurs for the ' 0( —, )

state, in that the magnitude is underpredicted by a
factor. of 6, in disagreement with the behavior at 56
MeV (Ref. 2) (see Table V). We have reevaluated
our background subtraction which is most critical
for the ' 0( —, ) state, but obtain the same result. It
may be useful to perform a high-resolution mea-
surement in the near future; the present analysis in-
dicates a failure of DWBA to predict the transfer
strength to the ' 0 excited state. It should be noted,
however, that the shape of the angular distribution
is described fairly well by DWBA. In Table V, the
experimental total cross sections for the (' 0, ' 0)
channels are listed together with DWBA predic-
tions.

VI. DISCUSSION OF THE
DISCRETE TRANSITIONS

Relatively good overall agreement has been ob-
tained between experiment and DWBA for the
' 0+ Ca reactions studied in the present work at
158 MeV (Figs. 5 —7). The shapes of the experi-
mental angular distributions for all channels are
reasonably well reproduced by DWBA, except for
disagreements in detail as were discussed in Sec.
IVB. From Table V, the measured absolute cross
section magnitudes are also rather well reproduced
as discussed below in more detail. These results are
remarkable considering that all parameters used in
the 158 MeV DWBA calculations were the same as
those used in the 56 MeV case except for the optical
model potential which, however, was completely
predetermined by a fit to the elastic scattering at
158 MeV.
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O. I,—
FIG. 8. Graph of 0.;(DWBA)/0. ;(Exp) at bombard-

ing energies of 56 and 158.2 MeV, with subscripts label-

ing the states. Also graphed is the ratio of the sum over
all states studied.

The largest disagreement between experiment and
DWBA found in the 158 MeV measurements oc-
curs for the [' 0, ' 0*(—, )] channel. Seglie
et a/. ' have shown that in the 56 MeV case, this
discrepancy can be accounted for using an "effec-
tive Q value" which results from molecular-orbital
effects during the transfer. In addition, multistep
processes which are dependent on kinematics and
nuclear structure may be important in these pro-
cesses.

Along with the total cross sections for 158 MeV,
Table V summarizes the results from Ref. 2 for the
56 MeV experiment. For convenience, Fig. 8 plots
columns 3 and 6 of Table V. From either Fig. 8 or
Table V it is clear that for the ' 0+ Ca system,
the energy dependence predicted by DWBA is con-
sistent with what is found experimentally, at least
for the two energies studied. This statement is
made more quantitative by considering the ratio
o(158.2 MeV)/o(56 MeV) for each channel. As
shown in Table V, the experimental value of this ra-
tio agrees with the DWBA calculation for each

17 g '+
channel except [' 0, ' 0~( —, )]. The results for
' 0+ Ca thus differ greatly from those of the
' 0+ Pb experiments, ' since in the Pb case,
each channel studied shows the same systematic
energy-dependent discrepancy between DWBA and
experiment.

VII. TOTAL NON-FUSION CROSS SECTION

I I
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O. I =
~4

4
~ ~
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I
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FIG. 9. Measured angular distribution for each Z
channel, summed over all Q values.

In addition to extracting the yields for transitions
to those individual final states that were resolved in
our measurement, we have obtained an estimate of
the total non-fusion cross section.

Figure 1 shows energy spectra taken at O~,b
——9'

for some of the Z channels which were studied,
having subtracted the contamination due to the car-
bon backing of the target. The Q-value scale was
calculated assuming two-body kinematics for each
channel. The arrow which appears in each energy
spectrum in Fig. 1 indicates the optimum Q value
for the two-body reaction calculated according to
Siemens et al. ' Within the coarse assumption of a
particular two-body reaction, the Siemens prescrip-
tion describes the Z dependence of the optimum Q
value rather well for these spectra, indicating the
quasielastic nature of these reactions at forward an-

gles.
Figure 9 shows the angular distributions for each

Z ch'annel, obtained by integrating over all Q values
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TABLE VI. Angle-integrated experimental cross sec-
tions for each Z channel and summed over Z for
' 0+ Ca, E)ab ——158.2 MeV.

Z Channel

&F
0
N

C

8
Be

Li

0, (mb)

130+,",'

104+4'i

213+",,
64+
26+24

24+244

a
~NF

~,F156 Mev)

a0NF= ~ZOZ
From Ref. 5.

656+6",

133+20

0.3—

I

"Co( 'O, X)

Et b=I58.2MeV

Z D I STR I BUT I ON

0.2—

for each channel. Because of the small cross sec-
tions for the fluorine-to-aluminum channels, these
channels were summed. In addition to statistical er-
rors, the large error bars seen for nitrogen and Z & 9
result from the subtraction of a large carbon back-
ing contamination (-50%). The carbon backing
contributed less than 10% for the other channels.
A reliable value of do. /dQ~, b for the oxygen chan-

nel could only be obtained at back angles; the value
obtained was identical within error bars with the ni-
trogen channel. All angular distributions are seen
in Fig. 9 to be rather featureless and more or less
exponentially decreasing functions of O~,b, all de-
creasing at about the same rate.

The angle-integrated cross section for each Z, o.z,
is given in Table VI, and plotted in Fig. 10. Two
assumptions were necessary in calculating oz from
the measured angular distributions: (1) the unmea-
sured angular regions can be approximated by an
exponential, and (2) the oxygen and nitrogen angu-
lar distributions have the same shape. Assumption
(1) is clearly not valid for far backward angles,
where most likely a deep-inelastic component with a
1/sin8 angular dependence is present. Such 1/sin8
angular dependences have been seen, particularly at
higher energies, for a number of similar sys-
tems. ' ' In order to take into account the possi-
ble error in this assumption, we have calculated an
upper limit to this effect by assuming a 1/sin8
dependence for each Z, with 1 mb/sr cross section
at 90', a number in good agreement with upper lim-
its in similar systems. ' ' This contribution was
added to the upper error limit of o.z. This is the
source of the asymmetric error bars seen in Table
VI and Fig. 10. It is argued that assumption (2) is
valid on the basis of the systematics seen in Fig. 9.

The carbon channel is seen in Fig. 10 and Table
VI to have the largest cross section, being twice as
large as nitrogen or oxygen. This is unlike the situ-
ation at 56 MeV where, from Ref. 4, carbon is
found to be of the same size in cross section as oxy-
gen and nitrogen. The enhancement Qf carbon pro-
duction at 158 MeV could be due to increased pro-
jectile breakup of ' 0 into ' C+a.

The non-fusion reaction cross section, o.NF, de-
fined as

O.I—

Oz~
z

is given in Table VI for 158 MeV from the present
experiment, and for 56 MeV from Ref. 4. The
value of o.NF measured at 158 MeV is seen to be a
factor of 5 larger than that measured at 56 MeV.

An estimate of the fusion cross section, o.FUS, can
be obtained from O.NF using the relation

Z
IO I2

FIG. 10. Non-fusion Z distribution obtained by in-
tegrating the angular distributions over Ht,b.

+FUS ~R +NF ~

where crR is the total reaction cross section. Figure
11 shows this graphically, where the solid line is o.R
obtained from optical model calculations, and the
lerigths of the bars represent o.NF at the two mea-
sured energies. The dark portions of the bars give
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2.0—

1.0—

158 MeV

section increases with increasing target neutron
number.

We have not considered two processes which can,
in principle, effect the measurement of o Nz. (1) fis-
sion with subsequent light particle evaporation into
nuclei with Z & 16, and (2) breakup of projectilelike
reaction products into light particles. Fission is
judged to be small from the ' 0+ Ca studies at
E&,b

——140 MeV. We have assumed that the com-
plete fragmentation yields are small. However, to
establish the fusion cross sections, a direct measure-
ment of ~FUs ~s desirable.

0.5- VIII. SUMMARY

0, l, I I

0 0.01 0.02 0.05 0.04
l/E (Mev)

FIG. 11. Graph of o. versus 1/E, . The length of
the rectangular bar is equal in magnitude to oNF. The
blackened portion of the bar gives the summed contribu-
tion to o.NF of the seven resolved states discussed in Sec.
IV. The solid line is o.

& calculated from an energy-
dependent optical model potential based on the poten-
tials given in Table I at fixed energies. The dashed line
shows the trend of the measurements taken by Vigdor
et aI. (Ref. 6) of o.FUs for ' 0+ Ca.

the summed contribution to o.NF of the seven
resolved states discussed in Sec. IV. Whereas at 56
MeV these states contributed 30% of oNF, at 158
MeV they contribute only 9%, suggesting that most
of the additional reaction strength present at the
higher energy results from the opening of new reac-
tion channels. The dashed line in Fig. 11 repro-
duces the trend of the measurements of O.FUs for
' 0+ Ca performed by Vigdor et al. in the ener-

gy range 40 MeV&E&,b &214 MeV. At 56 MeV,
the value of oFUs measured for ' 0+ Ca is seen to
be consistent with what would be expected fc
' 0+ Ca, while at 158.2 MeV, the expected valu
of O.FUs for ' 0+ Ca appears at least 100 ml
higher than that measured for ' 0+ Ca. This in-

crease in o.FUs at the higher energy in going from
Ca to Ca is consistent with similar fusion studies

which have been carried out on other systems which
show that the saturation value in the fusion cross

We have measured the elastic, inelastic, and
single-nucleon transfer cross sections to resolved
states, and the total non-fusion cross section for the
' 0+ Ca system at Ehb(' 0)=158.2 MeV.

For the measurements to resolved states, we find
in general good agreement between measured cross
sections and DWBA predictions at 158.2 MeV, as
was found for the lower energy experiment at 56
MeV. This shows that DWBA is able to predict
the correct energy dependence for the closed-shell
' 0+ Ca system, which was found not to be the
case for the ' 0+ Pb system, ' where systematic
discrepancies exist between the experimental and
DWBA calculated energy dependence. It would

clearly be worthwhile to perform similar "high en-

ergy" measurements on other systems where good
agreement has been obtained between DWBA and
experiment at low energies.

The non-fusion cross section, oNF, has been mea-

sured to be a factor of 5 larger at 158 MeV than
was found at 56 MeV. This is due to the opening
of additional reaction channels at the higher energy
such as deep-inelastic reactions and possibly projec-
tile breakup into ' C+a. From an optical-model
estimate of the total reaction cross section, oz, and
from oNF, we estimate crFUs for ' 0+ Ca to be at
least 100 mb larger than for ' 0+ Ca. It would be
interesting to measure O.FUs directly for ' 0+ Ca
at 158.2 MeV to compare with the above results.
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