PHYSICAL REVIEW C

VOLUME 20, NUMBER 4

OCTOBER 1979

Systematics of carbon- and oxygen-induced fusion on nuclei with 12 < 4 < 19

D. G. Kovar, D. F. Geesaman, T. H. Braid, Y. Eisen,* W. Henning, T. R. Ophel,! M. Paul, K. E. Rehm,}
S. J. Sanders, P. Sperr,® J. P. Schiffer, S. L. Tabor,! S. Vigdor,! and B. Zeidman
Argonne National Laboratory, Argonne, Illinois 60439

F. W. Prosser, Jr.
Argonne National Laboratory, Argonne, Illinois 60439
and University of Kansas, Lawrence, Kansas 66045
(Received 11 June 1979)

Measurements of the total fusion cross sections for ’)C + 2C, )C, “N, °N, 90, '*Q, and '°F and
50 + !0 have been performed over the energy range from 1.5 to 3 times the Coulomb barrier energy.
Fusion barrier parameters were extracted for each system. Three systems, '2C + °C, 2C + %0, and
0 + %0, show rather pronounced oscillatory structure in the energy dependence of the fusion cross
sections. The maximum fusion cross sections for the systems studied vary by as much as 10-20%,
depending on the particular entrance channel. The specific structure of the interacting nuclei clearly does
have an effect; the fusion process is not entirely dominated by the macroscopic features of the ion-ion

interaction.

NUCLEAR REACTIONS, fusion, measured gon (E); 2C+'2C, T4 <E, <31.2

MeV; #C+8C, 7.6<E,,, <24.9 MeV; 2C+ "N, 15.1<E_, <24.0 MeV; 2C+1N,

8.9<E,, <26.7 MeV; “C+%0, 12.9<E, <27.0 Mev; C+ 10, 11.9<E,

<28.0 MeV; YC+¥F, 11.6<E,  <27.1 MeV; %0+ 10, 14.9<E_,_ <36.0 MeV;
deduced fusion barrier parameters.

I. INTRODUCTION

A great deal of interest has recently focused on
the fusion cross sections in heavy-ion reactions
for target-projectile systems involving 1p-shell
and 2s-1d-shell nuclei. This interest was moti-
vated to a large extent by the observation of two
unexpected features in the fusion cross section ex-
citation function, o, (E). The first was the ob-
servation''? of oscillatory structures in ¢, (E) for
some systems (e.g., **C+2C and **0+2C) but not
for others. Second was the observation®* of sig-
nificantly different maximum fusion cross sec-
tions, o7&, for systems differing by only a nu-
cleon. These features suggest that the detailed
structure of the nuclei plays an important role in
fusion; one had expected fusion to depend on the
macroscopic properties of the nuclei involved. To
investigate these features in more detail, fusion
cross sections have been measured for a number
of systems with 12<A4__ . ... <19. InSec. I, the
experimental method will be discussed and the
data will be presented in Sec. IIl. In Sec. IV, the
present results will be discussed in the context of
the systematics established by these and other
measurements, and in the framework of the
macroscopic models that have been proposed.

The emphasis of the discussion will be on estab-
lishing the evidence for microscopic effects (i.e.,
structure effects) in the behavior of the fusion
cross section. Section V will summarize the con-
clusions reached in this study.

II. EXPERIMENTAL TECHNIQUE AND DE;I‘AILS

The beams used in this study were obtained from
the Argonne National Laboratory (ANL) FN tan-
dem accelerator. The measurements were per-
formed in the ANL-70-inch scattering chamber
where the beams were tightly constrained by col-
limators. The systems studied and the energy
ranges over which measurements were made are
shown in Table I. In all the reactions involving
12C, the targets were self-supporting carbon foils
of 20-40 pg/cm? thickness. In the study of the
'0+1°0 reaction, the target consisted of A1,0,
foils of thickness =50 ug/cm?

The fusion cross sections were measured by de-
tecting the heavy fragments (e.g., the evaporation
residues) resulting from compound nucleus forma-
tion and subsequent particle evaporation. The nu-

-clear charge Z of the individual reaction products

was identified by means of the measurement of
the differential energy loss AE. A conventional
silicon surface-barrier AE-E telescope (employ-
ing either a 2.3 pm or a 3.6 um AE detector) or
a gas-ionization chamber-silicon detector tele-
scope® was used as indicated in Table I. Electro-
polished tantalum slits (of thickness =0.005 inch)
were used to define the solid angle. The solid an-
gle varied over the range 2—13 X 10 sr corre-
sponding. to target-detector distances between 50
and 20 cm.

The fusion telescope allowed for simultaneous
detection of elastic scattering events and the
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TABLE 1. List of the systems for which fusion cross
sections were measured in the present study and the en-
ergy range over which measurements were performed,
either with (1) a silicon surface barrier AE — E telescope
or (2) a gas ionization chamber-silicon detector tele-
scope.

System Energy range Detector system
20+12C 74=<E.pm =31.2 MeV 1
2¢+13¢ 7.6=<Ecm =<24.9 MeV 2
2c+UN  15.1=<E.p, =24.0 MeV 2
B2c+I5N  8.9=E., =26.7 MeV 2
2c+180  12.9=E.n =27.0 MeV 1
2c4+180  11.9=E., =28.0 MeV 1
Ro+%F  11.6=<E¢m =27.1 MeV 1
8%0+180  14.9=E.m =36.0 MeV 2

evaporation residues. Data were stored in a two-
dimensional E vs AE matrix; representative spec-
tra obtained in the two AE —~ E telescope systems
are shown in Figs. 1 and 2. In several measure-
ments, the AE resolution was sufficient to identify
groups of different Z. The spectra contain all
events for which a AE signal above some lower
threshold was obtained, including all events for
which there were no E signals (i.e., evaporation
residues which were stopped or which were multi-
ple scattered in the AE detector and did not reach
the E detector; such events were found to be a
negligibly small fraction of the fusion strength ex-
cept at the lowest energies).

For reactions involving a '*C target, all events
with Z greater than that of the incident ion were
included as fusion. Uncertainties arising from

I2C+I2C
0\ Ecm=28.73 MeV 1
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FIG. 1. Representative A E-E two-dimensional plot
obtained for the 2C+12C system using the silicon sur-
face barrier A E-E detector system (3.6 pum AE detec-
tor).
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FIG. 2. Representative AE-E two-;dimensional plot
obtained for the 1%C+ 1N system using the gas ioniza-
tion detector-silicon detector telescope system.

this procedure and the method for identifying the
fusion yields in the %0+ 1°0 reaction will be dis-
cussed later. The angular distributions of the
fusion products are strongly forward peaked and
were in general measured over the angular range
2°< 6,,,< 30° which corresponds roughly to 2-3
orders of magnitude in cross section. Of primary
importance in establishing the total cross section
were the yields in the angular region ~4°-8° which
corresponds to the maximum in (do/dR) siné.

Relative normalizations of the elastic and fusion
angular distributions were obtained using the beam
current integrator as well as the monitors placed
symmetrically left and right (+10°) of the beam.
These monitors were also used to monitor the
beam direction. The beam direction and hence
the AE-E telescope angle were established to
<0.02° from measurements on opposite sides of.
the beam. The absolute normalization of the fu-
sion cross section angular distribution at each en-
ergy was determined from a comparison of the
yields of the fusion (N,,) and elastically scattered
(N,;) events detected in the telescope at forward
angles (6,,,=3-10°),

(%) =Niw <ﬂ) (1)
@ /i N \dQ lab. '

While the elastic scattering at these forward an-
gles is generally very nearly Rutherford scatter-
ing, optical model calculations were used to es-
tablish accurately the elastic scattering cross
section. ‘The optical model parameters®~® used
are referenced in the tables listing the fusion cross
sections. While complete angular distributions of
the evaporation residues were measured at several
energies, excitation functions were measured in
many cases in finer steps at a fixed angle near the



maximum in (do/dQ)sind. Since the shapes of the
fusion angular distributions change smoothly as a
function of bombarding energy, the measured an-
gular distributions were used to interpolate the
total fusion cross-sections, o¢,,, from the single
angle yields measured at the intermediate ener-
gies. In Tables II-IX, the energies at which full
angular distributions were measured are indi-
cated.

The uncertainties in the total fusion cross sec-
tions arise from statistics, identification of fu-
sion yields, extrapolation of the measured angular
distribution into the range of 0°~2°, and the nor-
malization procedure. In the measurements re-
ported here, the statistical uncertainties are
<1-3%. The uncertainties arising from the
extrapolation procedure to 6,,,=0° are believed to
be < 1% in the great majority of the cases. The
identification procedure can potentially be a larger
source of error at the lowest and highest incident
energies. At the lowest energies, the evaporation
residues for some of the systems fall into the re-
gion of the elastic tail. An extrapolation procedure
was employed to extract these yields and the re-
sulting uncertainties were estimated to be <3%.
At the highest incident energies, the evaporation
residues may appear with a 'Z less than or equal
to that of the projectile’® and hence were not in-
cluded in our operational definition of fusion
yields. However, unless specifically discussed,
there was no evidence of significant strength in
the Z < Z ;i et110 ETOUPS even at the highest ener-
gies. Finally, there is some reaction strength
in the region of Z>Z .. ;. Which arises from -
quasi-elastic direct reactions. In cases where
such direct strength was obvious in the data, it
was excluded. In other cases, estimates of the
direct contributions were obtained using DWBA
calculations and the shapes of the observed en-
ergy spectra. Unless specifically discussed in the
following sections, the uncertainties in the identi-
fication procedure were estimated to be of the or-
der of ~1-3%. The uncertainties in the normal-
ization procedure used in establishing the relative
fusion cross sections from single angle measure-
ments were estimated to be < 3% unless other-
wise noted. - As discussed above, we have opera-
tionally defined the fusion cross section to be the

- sum of the cross sections for all elements with
Z>Z o ectile €XCePL for certain discrete contribu-
tions which result from direct transfer reactions.
The dominant uncertainty in tzese fusion cross
sections arises from the uncertainties in unam-
biguously establishing the absolute cross section
for the elastic scattering; the most severe prob-
lems come at highest energies where even at for-
ward angles, there begins to be a sensitivity to
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TABLE II. Total and elemental fusion cross sections
obtained for the 2C+!%C system. The underlined ener-
gies indicate the energies at which the fusion cross sec-
tion was established from full angular distributions; at
other energies, single-angle (6),, =6°) data were used.
Optical model parameters of Ref. 6 were used in normal-
izing the fusion data to elastic scattering.

z a tot b
Ec.m_ Otus (mb) Otus Ao'fus

(MeV) N o¢ F Ne Na (mb) (mb)

7.44 118 286 =209
8.70 392 2049
9.32 551 20
9.95 260 : 577 17
10.58 587 25
11.20 288 594 18
11.83 670 25
12.46 370 701 22
13.08 740 25
13.71 <5 430 28 148 140 747 24
14.33 859 - 30
14.96 <5 500 44 156 151 856 21
15.00 838 25
15.59 : 875 30
16.21 5 495 52 124 167 843 22
16.84 861 28
17.46 ~8 513 71 104 159 855 25
18.09 844 26
18.72 ~10 521 93 84 160 867 22
19.34 207 26
19.97 ~15 544 103 89 155 906 22
20.59 956 29
21.22 23 558 107 98 149 935 21
21.84 917 28
22.47 36 490 117 87 144 874 23
23.09 843 25
23.72 49 456 125 100 132 862 21
24,35 .832. 25
24.97 65 454 132 113 114 878 24
25.60 879 25
26.22 70 452 133 118 95 868 23
26.85 835 30
27.47 86 404 141 116 87 834 22

28.72 106 341 135 112 72 766 20
29.98 130 290 129 118 59 726 21
31.23 716 26

2 Uncertainties of the elemental cross sections are
~5% for the strong groups and can be as large as 50%
for the weaker groups due to systematic uncertainties in
resolving the Z groups.

b Relative errors are listed; absolute errors are ~5%
unless otherwise indicated. ’

¢ For Ecm. <13 MeV, only the oxygen elemental yields
could be unambiguously identified.

d Absolute errors 10%.

the choice of optical model parameters. In gen-,
eral, with our definition of the fusion cross sec-
tion, the relative errors are believed to be 3%
and the absolute uncertainties of the order of <5%
for most systems.
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III. EXPERIMENTAL RESULTS
A. 12C + 12C system

The fusion cross sections for the '%C +!%C sys- .
tem were measured over the energy range 7.4
<E_, <31.2MeV.? A representative AE - E spec-
trum is shown in Fig. 1 and examples of the angu-
lar distributions for the evaporation residues are
shown in Fig. 3. The total fusion cross sections,
based on the full angular distributions and on the
single angle (6,,,=6°) measurements, are listed
in Table II. The errors associated with the fusion
cross sections in Table II arise primarily from
uncertainties in accurately normalizing the elastic
scattering at forward angles. Not included in the
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FIG. 3. Angular distributions of the evaporation
residues observed at bombarding energies Ejy, =20, 30,
40, 50, and 60 MeV for the *C+ 2C system. The inserts
are plots of (do/d)*sin® at Eb=20 and 60 MeV.

errors are possible systematic errors arising
from the identification of the evaporation residues.
An estimate of the direct strength contributing to
the observed yield with Z> 6 gives s 10 mb, al-
though the possibility of somewhat larger strength
cannot be excluded at the higher bombarding en-
ergies. Also, at the higher bombarding energies
(i.e., E, = 20 MeV) evaporation leading to resi-
dues with Z <6 may be possible, although the en-
ergy spectra for Z <6 groups show no indication
of such events.

The partial and total fusion cross section exci-
tation functions measured for the °C +2C reaction
are shown in Fig. 4; for energies E_ <13 MeV
the AE resolution was not sufficient to resolve
the individual Z groups. Clear oscillatory struc-
tures in the total fusion cross sections are ob-
served as function of bombarding energy. The
maxima appear at about 5.5 MeV intervals at
E, . =10.0, 15.5, 21.0, and 26 MeV. The mea-
sured partial fusion cross sections show that these
structures are due primarily to the oxygen and
neon evaporation residues. Based on measure-
ments for other systems,'! where it has been es-
tablished that the structures are present in the a-
removal channels, it is suggested that the channels
showing the oscillatory behavior in the 2C +12C re-
action are the **Ne and !°0 channels. In Fig. 5,
the total fusion cross sections are plotted for
comparison with the other systems measured in
this study.

The total fusion cross sections established in
the present measurements are plotted in Fig. 6 as
a function of 1/E, , . Also shown are the cross
sections established by Namboodiri, Chulick,
and Natowitz'? in charged-particle measurements
at high energies. Measurements at lower bom-
barding energies were performed by Spinka and
Winkler'? and Erb, Betts, and Bromley. These
latter cross sections were obtained in y-ray mea-
surements and, while the relative errors are
small and the fine structure present in the exci-
tation function is clearly defined, the uncertainties
in the absolute cross sections are =50% and these
data are not shown in Fig. 6. Also, Conjeaud et
al.'® have recently reported results of measure-
ments over the energy range 14s E_ =27 MeV.
As discussed in their paper, there is good agree-
ment with our results except at the higher energies
where their absolute cross sections are ~50-100
mb smaller. (At lower energies, the question of
what constitutes fusion products was addressed

. by Conjeaud et al.'® with specific reference to the

120 +1%C - a+ ®Ne reactions. Whether this channel

is to be regarded as a direct channel or as pre-

equilibrium fusion,; for example, is not clear at
this time. In the present study, it is included in
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FIG. 4. Partial and total fusion cross section excitation functions measured for the 12C-l-”C.} system. The solid and
open circles represent cross sections established from full angular distribution and single-angle measurements, res-

pectively.

the fusion cross sections.) It should also be noted
that in the energy range E,  =14-16 MeV, Con-
jeaud et al.'® performed measurements in small
energy steps and found more detailed structure
than indicated by the present data. These recent
results of Conjeaud are not shown in Fig. 6.

While the measurements of Namboodiri, Chu-~
lick, and Natowitz!? at the highest energies are
consistent with the trend indicated by the present
measurements, their cross sections at E_
=22.5 MeV and 37.5 MeV are ~100-300 mb larger
than those obgerved in the present study and also
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FIG. 5. Total fusion cross section excitation functions for the 12C+12C, 3¢ +1!2C, N+ 12C, and !°N+1%C systems.
The solid and open symbols represent cross sections established from full angular distribution and single-angle mea-
surements, respectively.

those of Ref. 15. Since carbon production from planation, At E_  =22.5 MeV, for example,

the decay of the compound system is expected to Namboodiri, Chulick, and Natowitz'? quote o,
become important at energies above E, =20 =1020+100 mb for Z>6 compared to o, =874 -
MeV, this disagreement is partly a result of in- +44 mb in the present study. (Their estimate of
clusion of only the yields for Z> 6 in our cross strength for Z <6 was <30 mb.) Similarly at E_ ..

section. This, however, is not the complete ex- =37.5 MeV, their o, for Z>6 is larger than that
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FIG. 6. Total fusion cross sections established in this study for the L2c 4120 system plotted versus 1/E., . The
solid and open circles represent cross sections established from full angular distribution and single-angle measure-
ments, respectively. Also shown are the results of Namboodiri, Chulick, and Natowitz (Ref. 12). The solid line repre-
sents a least-squares fit of the expression og,=7TR 521 - Vg/E) to the data. The dashed curve represents Bass model

predictions (see text).

implied by the trend of our results. Further mea-
surements are necessary to resolve these discrep-
ancies.

B. 12C + B Csystem

The fusion yields in the **C + *°C reaction were
measured over the energy range 1.6 <E__ <24.4
MeV. The total fusion cross sections based on the
full angular distribution measurements and the
single angle (6,,,=5°) measurements are listed in
Table IIl. For E_ >17 MeV, the yield for each
element was clearly separated; at lower energies
it was not possible to completely separate the Mg
and Na yields. The elemental distributions for
Z >6 are listed in Table III. As can be seen in
Fig. 5, no pronounced oscillatory structures are
observed in the excitation function for the total
fusion cross section. In Fig. 7, the total fusion
cross sections are plotted versus 1/E, ,, . Mea-
surements of Dayras et al.'® performed at lower
bombarding energies are in excellent agreement
with the present-work in the region of overlap;

this is probably somewhat fortuitous, however,
since the absolute errors of the cross sections
are quoted by Dayras et al. to be +30%. They
also see some evidence of structure in an energy
range not studied in detail here.

C. 12C + ¥ N gystem

Fusion cross sections for the °C + *N system
were measured over the energy range 15.1 MeV
<E_ . <24.0 MeV. Of primary interest was to
establish the maximum fusion cross section, o},
for comparison with that observed for the **C
+15N system. The total fusion cross sections
from the full angular distribution measurements
and the single angle measurements (6,,,=6°) are
listed in Table IV. The AE resolution permitted
identification of the elemental yields, and the

" cross sections for Z>17 are also listed in Table

IV. The total fusion cross sections are plotted
versus E_  in Fig. 5, where it can be seen that
the behavior is consistent with a smooth energy
dependence. In Fig. 8, the cross sections are
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TABLE III. Total and elemental fusion cross sections
obtained for the 2C+13C system. The underlined ener- -
gies indicate the energies at which the fusion cross sec-
tions were established from full angular distributions; at
other energies, single-angle (6),, =5°) data were used.
The optical model parameters used to normalize the
fusion data to elastic scattering were V =12.2 MeV, V;
=4.1 MeV, »y=1.34 fm, »;,=1.47 fm, a=0.59 fm, and a;
=0.58 fm.

Ecm. O'gxs (mb) 2 0}3; Aopys b
(MeV) N O F Ne Na Mg (mb) (mb)

7.62 42 141 211°¢ 394 409
8.35 15 215 260 490  35¢
9.02 37 267 258 564 13
10.95 106 324 304 734 12
12.40 189 2 360 292 843 18
12.88 204 1 398 282 885 21
13.36 204 2 366 296 868 19
13.84 242 6 342 296 886 19
14.32 274 6 331 276 887 16
14.80 281 12 323 260 876 17
15.28 278 15 329 264 886 18
15.77 332 17 311 247 907 19
16.25 336 18 311 247 912 20
16.73 348 29 301 238 916 30
17.21 366 32 278 213 27 916 30
17.70 375 41 280 203 24 923 19
18.18 422 38 278 203 18 959 19
18.66 395 48 267 193 20 923 20
19.14 401 62 258 196 27 944 22
19.62 419 61 247 177 21 © 925 20
20.10 445 55 251 184 21 956 23
21.06 481 73 212 177 16 959 23
22.62 475 83 217 147 16 938 40
22.98 499 102 181 148 13 943 21

23.94 10 468 97 173 140 13 900 21
24.91 19 458 116 154 134 12 893 19

2 Uncertainties of the elemental cross sections are dis-
cussed in Table II.

b Relative errors are listed; absolute errors are 5%
unless otherwise indicated.

€ For Ecm,<17 MeV, the summed Na+ Mg cross sec-
tions are g'iven‘

4 Absolute errors are ~10%.

plotted versus 1/ E,_ .., together with results pre-
viously reported in the literature.'®%+7=1° The
values reported here are in good agreement with
the charged particle measurements of Stokstad

et al.*° and Harar et ql.'® which overlap in energy.
The results of Switkowski, Stokstad, and Wielanad'’
and Almqvist, Bromley, and Kuehner'®'? at low-
er energies are also shown in Fig. 8. These y-ray
measurements quote absolute cross section un-
certainties of 25-50% and only a few representa-
tive errors are indicated in the figure.

D. 12C + 5N system

The fusion cross sections for the 2C +'°N sys-

_ tem were measured over the energy range 8.9

<E_, <26.7 MeV. The measurements focused on
establishing o7+ and on determining whether struc-
ture was present in the excitation function. The
AE resolution permitted extraction of elemental
yields for Z>7 for E_ =15 MeV; shown in Fig.

9 is an example of the angular distributions ob-
served for the elemental and total fusion yields.
The elemental and total fusion cross sections are
listed in Table V. As can be seeni in Figs. 5 and
10, the fusion cross section excitation function
shows no evidence of structure and establishes a
lower limit on ¢, For **C +'*N and **C +'°N,

the values of ¢ 72 differ by =200 mb, In Fig, 11,
the elemental cross sections for the two systems
are shown, and it can be seen that the two distri-
butions of fusion strength differ significantly.
Evaporation calculations have been performed for
these two systems'®; the basic trends of the dis-
tributions of residue strength are predicted, but
the detailed distributions are not reproduced with
disagreements of the order of 100 mb. The only
other measurements reported for the **C +*N sys-
tem are those of Harar'®; the agreement with the
present data is excellent as can be seen in Fig.

10.

E. 12C + 160 system

Fusion cross sections for the *2C +°0 system
were measured over the energy range 12.9<E_
<26.9 MeV. Examples of the angular distribu-
tions for the fusion yields have previously been
reported.! The total fusion cross sections are
tabulated in Table VI. While the AE resolution in
the present study (using a 3.6 pm silicon detector
in the AE-E telescope) was sufficient to resolve
the elemental yields for the lower Z values (i.e.,
Z <11), it was not adequate to resolve clearly the
yields of the higher Z values and hence elemental
yields were not extracted. Measurements estab-
lishing the elemental distribution at E_, =15.0
MeV, 21.0 MeV, and 26.6 MeV have been reported
elsewhere.® A plot of the fusion cross sections
as a function of E_  'is shown in Fig. 12 where
the oscillatory behavior as a function of incident
energy is clearly evident. Maxima can be ob-
served at E_, =14, 17, 21, and 25 MeV with peak
to valley differences of =10%.

Several other measurements for this system
have been reported!*+'®~32 which include charged
particle measurements®~# and y-ray measure-
ments, 118232 Ag noted previously, the two
types of measurements have different merits.
While the charged particle measurements tend to
have less serious problems in establishing abso-
lute cross sections, the y-ray measurements are
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FIG. 7. Total fusion cross sections for the 13C+ 12C system established in this study plotted versus l/Ec,m... The
solid and open circles represent cross sections established from full angular distribution and single-angle measure-

ments, respectively. (For description of curves, see Fig. 6.)

more suitable for establishing fine structure in
the excitation function. The structure seen in the
present study is in basic agreement with that ob-
served in the y-ray measurements (e.g., Ref. 11).

TABLE IV. Total and elemental fusion cross sections
for the_‘zC+“‘N system. The underlined energies cor-
respond to the energies at which full angular distribu-
tions were measured; at other energies, single-angle
(01ap = 6°) data were used. Optical model parameters of
Ref. 7 were used to normalize the fusion data to elastic
scattering.

Ecm. ngs (mb) 2 O fus b
(MeV) (0] F Ne Na Mg Al (mb)

15.11 2 176 394 139 245 956
16.89 10 204 414 142 181 <1 951
18.67 30 202 432 134 148 2 948
20.00 59 214 417 147 130 2 969
21.33 83 226 428 136 114 3 990
22.62 116 203 384 137 91 3 934
24.00 167 182 364 109 77 2 9201

2 Uncertainties in the elemental cross sections are dis-
cussed in Table II
b Relative errors are ~2.5-3.0%; absolute errors are

~5%.

In our discussion in the next section, our interest
is focused on the absolute cross section values,
and hence plotted in Fig. 13 are our results to-
gether with the other charged-particle measure-
ments?*~#; as can be seen, the agreement in the
region of overlap is good. It should be noted that
in recent y-ray measurements (e.g., Ref. 11),
great care has been taken to establish the absolute
cross sections, and the agreement with the
charged particle data is in fact rather good.

F. 2C+ 180 system .

The fusion cross sections for the 2C + %0 sys-
tem were measured over the energy range 11.9
SE, . <21.9 MeV. An example of an angular dis-
tribution observed for the fusion yields has been
published previously.? The total fusion cross sec-
tions are tabulated in Table VII and plotted versus
E_ .. in Fig. 12; no evidence of structure in the '
excitation function can be observed. The AE reso-
lution did not permit extraction of elemental yields
for higher Z values. The total fusion cross sec-
tions are plotted versus 1/ E, . in Fig. 14 together
with the previously reported values of Eyal ef al.??
As can be seen, there are disagreements of the
order of ~50-75 mb at the energies of overlap.
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G. 12C+ PF system

Measurements for the '°C +!°F system were per-
formed in the energy range 11.5<E_  <27.0
MeV using the AE - E silicon surface barrier de-
tector system and no elemental cross sections
were extracted. An example of an angular distri-
bution observed for the fusion yields has been
* published previously.? The fusion cross sections
are listed in Table VIII and shown as function of
E, . in Fig. 12, No evidence for pronounced
structure in the excitation function can be seen.
The total fusion cross sections are plotted versus
1/Ec.m_ in Fig. 15, together with the previously
reported measurement of Piihlhofer, et al.?®; the
agreement is good. )

H. 60 +160 system

Measurements of the fusion cross sections for
the %0+ %0 system were performed over the en-
ergy range 14.9 MeV<E,  <35.9 MeV. For these
studies, the problem of using an oxygen corapound
for the target material required a modified pro-
cedure from that described previously. At each

angle, successive runs were taken with an AL,O,
target and an Al target. (The Al target also con-
tained =5 ug/ cm?® oxygen, presumably due to sur-
face oxidation.) The relative amount of oxygen
and aluminum for each target was measured using
the yields of resolved groups from %0+ %0 and
160+ FAl elastic scattering in a monitor detector
(6,4,=25°). Both the elastic scattering and fusion
yields for each element could be obtained by com-
paring the number of events in the particle tele-
scope for each target. Since only the relative oxy-
gen and aluminum contents of the two targets are
needed for this procedure, it is not necessary to
know the exact chemical composition of either
target. No changes in the oxygen to aluminum
ratios were observed during the course of the ex-
periment. :

A further complication for the *0+ 10 measure-
ment was the determination of the carbon content
of the target, since the *°0+'%C fusion reaction
will populate many of the same evaporation resi-
dues as the °0+1°0 reaction. To correct for this
problem, the amount of carbon on the target was
continuously monitored by measuring elastically
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FIG. 9. Angular distributions ohserved for the elemental and total fusion yields for the !’N+ 12C system.

scattered 1°0 and '*C ions in kinematic coinci- the carbon contamination.

dence. To minimize carbon buildup, the target The absolute normalization was established by
was surrounded by a liquid-nitrogen-cooled copper fitting the elastic scattering from both *°0 and
shroud. With the shroud in place, less than 1 ug/ Z7Al with optical-model calculations using poten-
cm? of carbon accumulated on the target during tials taken from the literature.®*® A comparison
the course of the experiment. Even at this level, of the resulting '*0+ Al fusion cross sections
however, 2-4% corrections to the *0+°0 fusion with previous measurements provides a good test
cross sections and 1-15% corrections to the 0 of the subtraction procedure described above. In

+ %Al fusion cross sections were required due to fact, the °O+ Al cross sections agree well with
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TABLE V. Total and elemental fusion cross sections
obtained for the 2C +1°N system. (See caption for Table
IV.) '

Ecm. Uﬁls (mb) ? Otus b
(MeV) 0 F Ne Na Mg Al (mb)
8.89 - 453°
12.00 ' 672 °¢
15.11 4 116 146 278 371 18 933
16.00 6 140 164 273 360 19 962
16.89 9 183 173 342 318 18 1043
17.78 13 183 167 348 313 18 1042

18.22 26 200 169 371 315 20 1101
18.67 13 205 168 367 307 15 1075
19.11 23 222 174 346 299 14 1078
19.56 50 207 175 362 287 12 1093
20.00 25 221 188 384 284 13 1115
20.44 32 230 206 384 292 12 1156
20.89 30 252 198 401 287 15 1183,
21.33 4 239 211 359 281 16 1127
22.22 37 229 218 339 289 7 1119°€
23.11 49 255 261 347 282 6 1200°
23.86 48 2556 249 312 274 5 1143°¢
26.67 36 270 329 276 194 4 1109°

2 Uncertainties in the elemental cross sections are dis-
cussed in Table II.

b Relative errors are ~3%; absolute errors are ~5%
unless otherwise indicated.

¢ Absolute errors are ~6—7%.

the published values.*** The fusion cross sec-
tions established for the *°0+'°0 and °0O+ #Al re-
actions are tabulated in Table IX. The errors
quoted arise primarily from the uncertainties as-
sociated with the subtraction procedure and nor-
malization. The fusion excitation function for the
160+ 180 reaction is shown in Fig. 12, and there is
evidence of structure similar in magnitude to that
observed in the '°0+**C and '*C.+'*C reactions.
Five other measurements of the fusion of °0
+1%0 have been reported; Weidinger et al.,*
Tserruya et al.,*® and Fernandez et al.* per-
formed charged particle measurements while
Kolata et al.* and Cheng et al.*® measured y-ray
yields. The structures observed in the presentdata
areinbasic agreement with those seen inthe more
sensitive y-ray measurements. Discrepancies do
exist, however, in the absolute cross sections re-
ported in the various studies; these are shown in
Fig. 16 where the excitation functions obtained in
the different studies are compared. These dis-
crepancies are much larger than those for any of
the other systems studied here, and demonstrate
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FIG. 10. Total fusion cross sections for the N+ 12C system established in this study plotted versus 1/E.y,. The
solid and open circles represent cross sections established from full angular distribution and single-angle measure-
ments, respectively. Also plotted are the results of Ref. 15. (For description of curves, see Fig. 6.)
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FIG. 11. Total and elemental fusion cross sections

the difficulty of measurements with an oxygen tar-
get. In Fig. 17, our fusion cross sections are
plotted versus 1/E,_ _ .

IV. DISCUSSION

A. General comments

For the energy range under consideration, the
energy dependence of the fusion cross section ap-

20
Ec_m_(MeY)

plotted versus Ep, for the XN+%2C and ¥¥N+!°C systems.

pears to divide naturally into two regions. This
division is clearly seen in plots of fusion cross
sections against 1/E_ . There is a “low” energy
region, extending from roughly 1.1 to 2.0 times
the Coulomb barrier energy, where g,,(E) is ap-
proximately linear as function of 1/E_  and ac-
counts for most of the total reaction cross sec-
tion, 0,,..+(E). In the “higher” energy region
0,,(E) often reaches a limiting or maximum value
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TABLE VI. Total fusion cross sections obtained for the
120 +180 gystem. (See caption for Table IV.)

Ecm. O'fus Aogy
(MeV) (mb) (mb)
12.94 729 +20
13.45 828 16
13.84 863 20
14.24 829 20
14.87 803 . 16
15.58 901 22
16.35 970 22
17.20 981 25
18.30 938 25
18.70 940 30
18.90 940 30
19.10 910 30
19.30 880 30
19.50 895 25
19.70 865 20
19.90 920 30
20.10 900 25
20.30 915 30
20.50 . 930 30
20.89 963 24
21.10 945 35
21.30 950 30
21.50 925 30
23.21 - 912 25
24.00 940 40
24.95 970 30
26.97 802 20

2 Relative errors are listed; absolute errors are ~5%.

while the total reaction cross section continues to
rise. The fusion cross section at “low” energies
appears to be determined by the properties of the
interaction barrier (i.e., by entrance channel
characteristics). At “high” energies the explana-
tion for the large difference between o, and o,,,.,
is still not fully understood. Tentative explana-
tions fall into two basic categories: (1) The ob-
served limitation of o, at high energies is ex-
plained in terms of entrance channel models in
which the limitation mechanism depends on Z and
A of target and projectile (e.g., Refs. 39-41).
(2) Alternatively, the properties of the compound
nucleus formed in the reaction, and in particular
the behavior of the yrast lines, are employed to
impose the limitations.'® The status of our pres-
ent understanding has been the subject of several
recent review articles.*®*3

As noted in the introduction, the present study
was motivated by the observation of features in
0,.s(E) which suggested that the detailed structures
of the interacting nuclei play an important role in
the fusion process.*”® These were the observation
of oscillatory structures in the excitation functions
for some systems but not for others, and the ob-

servation of significantly different maximum fusion
cross sections for systems differing by a single
nucleon. The present measurements, together
with similar experiments reported in the litera-
ture, form a body of data which provides an op-
portunity to establish the average macroscopic
energy and mass dependence and to examine the
extent to which individual systems show signifi-
cant deviations from this average behavior. This
will be done in the framework of models discussed
above. The “low” energy or interaction barrier
dominated region and the “higher” energy region
where the limitations on ¢,,, are observed will be
discussed in Secs. IV B and IV C, respectively. The
three systems showing structures in ¢, (E) will

be further discussed in Sec. IVD.

~ B. Barrier-dominated region

It has been established that the fusion cross
section behavior in the energy region between ~1
and 2 times the Coulomb barrier energy is dom-
inated by the interaction barrier.** Since the fu-
sion process is sensitive to the ion-ion potential
in the region of the interaction barrier radius, it
is of interest to ask whether differences in the
structures of the interacting nuclei affect the po-
tential sufficiently so as to produce observable
differences in the fusion cross sections. To in-
vestigate this question we have made use of the
simplest classical model which allows us to pa-
rameterize the fusion cross sections, and have
looked for deviations from the average behavior
established in this parametrization. In addition,
the observed fusion cross sections have been com-
pared to model predictions.

The simplest and most commonly used param-
etrization of fusion cross sections is the classical
equation,**

E

c,u,(E)=1rRBZ( _Le ) (1)
CoMe

A plot of ¢,,(E) versus 1/E, allows extraction
of two independent parameters, R, (barrier ra-
dius) and V, (barrier height). (The smooth devia-
tion from the 1/E_ , behavior at lower energies
results from barrier penetrability effects; Glas
and Mosel,*® using a parabolic barrier at a fixed
Ry, have introduced a parametrization which in-
corporates, in a single functional form, the be-
havior of the fusion cross section from below the
Coulomb barrier up to the “higher” energy re-
gion.)

In the discussion of the barrier parameters Ry
and V, which are extracted from the data using
Eq. (1), it should be remembered that Ry has
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FIG. 12. Total fusion cross section excitation functions for the 12C+ 180, 12C+180, 12C +19F, and 1%0+160 systems.

The solid and open symbols represent cross sections established from full angular distribution and single-angle mea-
surements, respectively.

e,

been assumed*®* to be a constant, and hence the eration is of the order of ~5-8%. This variation
Vg extracted should not be identified with the bar- of Ry (and V) would correspond to a departure
rier potential V4 (R) at R;. If the barrier potential from a 1/E, , dependence of the fusion cross

is assumed to be a Woods-Saxon potential with sections; however, at the present time the accu-
usual diffuseness, for example, the variation of racy of the data does not allow one to distinguish

Ry (and V;) over the energy range under consid- the small variation with any certainty. In order
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to predict the energy dependence (or dependence
on the angular momentum I) of R, a specific po-
tential has to be assumed and a number of ap~
proaches for predicting or establishing the prop-

TABLE VII. Total fusion cross sections obtained for
the 12C+ 180 system. The underlined energies indicate
that full distributions were measured. Optical model
parameters of Ref., 7 were used in normalizing the fusion-
data to elastic scattering.

Eom. Otys Aogys®
(MeV) (mb) (mb)
11.94 . 714 +11
13,94 902 18
14.95 949 19
15,95 1017 18
17,95 1108 28
18,95 1160 ’ 40
19.95 1195 24
21,96 1178 26
23,96 1143 30
25.96 1122 25
27,97 1102 30

2 Relative errors are listed; absolute errors are ~5%.

erties of the interaction potential are reported in
the literature. Recently Bass* and Horn and
Ferguson,® for example, have used the fusion
data to establish empirical potentials, while
Birkelund et ql.*® and Vaz and Alexander,” for ex-
ample, have utilized the proximity potential. In
the first subsection, the systematics observed in
the barrier parameters R, and V, extracted from
our data will be discussed; in the following sub-
section, our data will be compared with the fusion
cross sections predicted using various ion-ion po-
tentials.

1. Fusion cross section systematics

Assuming the fusion cross section energy de-
pendence of Eq. (1), we have performed linear
least-squares fits to the low energy data of each
system investigated in this study to determine R,
and Vg; these fits are indicated as solid lines in
Figs. 6-8, 10, 13-15, and 17. Only data over the
energy range =1.1 to 2.0 times the Coulomb bar- .
rier were used. The barrier parameters, Ry
and Vj obtained are listed in Table X. Similar
fits were performed for a number of other sys-
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FIG. 14, Total fusion cross sections for the 180+ 12C system established in this study plotted versus 1/E; . Also

shown are the results of Ref. 22. (For description of curves, see Fig. 6.)

tems reported in the literature, and these pa-
rameters are also listed in Table X. These fu-
sion data represent measurements in which dif-
ferent experimental techniques were employed
and the emphasis on relative versus absolute

TABLE VIII. Total fusion cross sections established
for the ?C+ 19F system. The underlined energies indi-
cate that full angular distributions were measured. Op-
tical model parameters of Ref. 7 were used in normal-
izing the fusion data to elastic scattering.

E¢m. Otus Aggys®
(MeV) (mb) (mb)

11.56 552 +17
13,49 738 20
15.43 880 25
17.37 975 30
19,31 1072 35
21.25 1095 35
23.18 1151 40
25,12 1172 40
27.06 1092 45

cross sections varied. The experimental uncer-
tainties (and in some cases, the significant in-
consistencies in overlapping data sets) account
for the uncertainties quoted on the barrier pa-
rameters.

The barrier parameters obtained for the sys-
tems of this study are plotted versus A,*/%+A,!/3
in Fig. 18, while in Fig. 19, they are plotted to-
gether with those extracted for the other systems.
There are several interesting features to be
noted: (1) For the systems studied here (Fig. 18),
the barrier parameters vary rather smoothly;
deviations from a smooth behavior are within the
uncertainties in the extracted parameters. The
deviations seen for some heavier systems (Fig. 19)
are somewhat more pronounced. One might have
expected that the detailed shapes of the nuclear
potentials would manifest themselves in variations
of the barrier radii rather than in the'values of
the barrier height.”” It is observed, however,
that the barrier radii change more smoothly from
system to system than do the barrier heights.

(2) The dashed lines in Fig. 19 are drawn to rep,-'

2 Relative errors are listed; absolute errors are 5%.

resent the average trends of the data. The A de-
pendence of R, appears to differ considerably be-
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shown are the results of Ref. 33. (For description of curves, see Fig. 6.)

tween the lighter systems and the heavier sys-
tems. In particular, the **0+**C and *°F+'%C sys-
tems seem to mark a transition point between the
two systematic trends in the barrier radii. It
should be noted that little weight should be at-
tached to the choice of A4,'/3+A,!/? as the ordinate
in Figs. 18 and 19. Quite similar systematic
trends are observed if, for example, the data for
any single projectile are plotted as a function of
A,. (3) Any change in the A dependence of the bar-
rier heights, V,, in going from the lighter to the
heavier systems is much less noticeable. The
values for the p-shell systems are very nearly
constant as a function of 4,'/3+A'/3.

2. Macroscopic models

Several models have been presented in the lit-
erature to calculate fusion barriers. For ex-
ample, Krappe and Nix,*® using the liquid-drop
model, parametrize the barrier by

Z,Z e
AP+ A ) vavd’

B=

(2)

where q is the range of the nuclear potential and
d is the distance between surfaces at the barrier;

d is determined for each system by iterating the
expression for the Coulomb plus liquid drop nu-
clear potential to find the maximum. The solid
curves on Figs. 18 and 19 illustrate these results.
For heavy systems, this model works reasonably
well, however, it does not account for the A de-
pendence of the barrier radii for the light sys-
tems.

As discussed before, the assumption that Ry and
Vy are independent of energy, is very convenient;
however, it is clear that for any nuclear potential
with finite diffuseness, both barrier parameters
must be energy dependent. Bass has used the ex-
perimental energy dependence of the fusion cross
sections to map out a portion of the ion-ion poten-
tial for several systems.** He then fits these po-
tentials with a single universal interaction ob-
tauung

NUC(s) :&—-& [0.0300 exp(s/3.3)

+0.0061 exp(s/0.65)]"1,  (3)
where
s=7-R, -R, (4)

and
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TABLE IX. Total fusion cross sections established
for the 160+ 1%0 and %0+ Al systems in this study. The
underlined energies correspond to the energies at which
full angular distributions were measured; at other ener-
gies the cross sections are based on single~angle
(61,= 8°) measurements. Optical model parameters of
Refs. 8 and 9 were used in normalizing total fusion
cross sections. See the text for discussion of the errors
and the procedure for establishing absolute cross sec-
tions,

Ecm. Ofus A g AG s
(MeV) (mb) (mb) (mb)
14.92 435 +25 +30
15.92 561 30 50
16.92 604 30 60
17.93 654 35 60
18,93 735 40 70
19.93 785 50 40
20.46 781 45 75
20.93 887 55 75
21,46 936 55 80
21.93 _ 950 60 80
22.47 979 55 - 80
22,94 937 55 80
23.47 1012 60 80
23.94 845 50 80
24,47 850 . 50 75
24.94 905 55 80
25.94 890 55 60
26,94 880 50 80
27.94 860 45 80
28.95 930 55 80
29,47 844 50 80
29.95 850 50 60 -
30,47 919 55 80
30.95 946 55 80
31,47 883 50 80
35,96 905 60 80
160+ 27A1

18.74 351 50
25.03 797 60
32.57 1036 60
37.60 1095 70

Ri(ory= 116 Ay (00 /5=1.394, ("%, (5)

The fusion cross sections calculated with this po-
tential are shown as dashed curves in Figs. 6, 8,
10, 13-15, and 17. As can be seen, the Bass po-
tential overestimates the strength for the C +*%C
and %0+ %0 systems, approximately reproduces
the behavior for the **C +1!3C, *N+!%C, *N+%C,
and %0 +%C systems, and underestimates the
strength for the **0+!%C and °F+**C systems.
The question of whether the observed disagree-
ment in fact reflects a structure dependence of
the interaction barrier remains to be answered.
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FIG. 16. Fusion cross sections for the %0+ 160 system
plotted versus E, ;. . The curves shown represent the
behavior of the fusion cross sections observed in the
studies of Refs. 24, 36-38.

For the range of o,,(E) from 200 mb to 800 mb,
Rg(E) as predicted by the Bass potential changes
roughly by 8-10% for the systems considered.
The use of the Bass potential for the higher en-
ergy data will be discussed in the next subsec-
tion,

Recently Horn and Ferguson45 presented a pa-
rametrization for fusion cross sections which in-
volves two terms; one characterizing the com-
pound nucleus and one the entrance channel. This
parametrization is of the form:

04 E)=1p? (1 - %) , , (6)

where the collision distance D=Z,Z,e*/E. The
parameter p is taken in place of the fixed distance
Ry of Eq. (1). Based on fits to fusion data, a lin-
ear relationship for p with energy is observed,
ie.,

p=mE+b, (7

where b was taken to be the sum of the radii at
1.35% of the central charge density for target and
projectile, and m was found to be

m™t=18(2.23 -4 /%), (8)

where A is the mass of the compound nucleus.
They reproduced the behavior of the fusion cross.
section over the energy range =1.2 to =2.0 times
the Coulomb barrier energy for systems spanning
the mass range from '2C + N to ¥*Cl+1%Sn, We
compared the predictions of Eq. (6) to the fusion
cross sections observed for the systems of this
study. The quality of the fits was similar to that
observed for the Bass predictions. While rather
acceptable agreement was observed for a number
systems, poor agreement was observed for the
12C +13C and %0+ %0 systems, for example, with
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FIG. 17. Total fusion cross sections for the 0+ !0 system established in this study plotted versus 1/E; ;.. The
solid and open circles represent cross sections established from full angular distribution and single-angle measure-

ments, respectively. (For description of curves, see Fig. 6.)

discrepancies of the order of 100 mb.

Recently two analyses using the proximity poten-
tial have been presented. In the work of Birke-
lund et al.,*® a model based on the proximity po-
tential with one-body friction has been proposed.
In the energy range under consideration, this mod-
el reproduces the data observed for heavier sys-
tems; however, predictions for systems as light
as ours have not been presented thus far. In the
work of Vaz and Alexander,” systematics of fusion
barriers obtained using a modified proximity po-
tential are presented for systems 30=< Z,Z, < 1500.
Barrier penetration as well as the [ dependence of
the fusion radius are included. The general form
of the proximity potential is assumed with small,
but important, parameter adjustments made to
achieve a fit to the experimental data. In the fit-
ting procedure, a single parameter AR [which
modifies the recommended value of the radius pa-
rameter for the proximity potential V,{#)] is
varied. As found by Vaz and Alexander, the fitting
parameters AR for the various systems show a
systematic trend, but scatter wildly around the
mean value by ~0.1 fm. The fluctuations in AR
appear to be outside the random errors and may

well reflect the individual shell structures and
deformations of the collision partners. These re-
sults are very suggestive and indicate that this ap-
proach is perhaps promising for quantitatively
establishing the influence of structure on the fu-
sion cross sections in this energy range.

C. Limitation of fusion cross section

1. Cross section systematics

At “higher” energies, corresponding to roughly
twice the Coulomb barrier and above, the fusion
cross sections are observed to change less rapidly
with increasing bombarding energy. For light
systems such as considered here, the cross sec-
tions appear to decrease or remain roughly con-
stant, while for heavier systems, the cross sec-
tions still increase but much more slowly than the
total reaction cross sections. Measurements®®
on heavier systems have shown that the fusion
cross sections vary approximately linearly with
1/E and can be parametrized in.a fashion

Co Mo

identical to Eq. (1); i.e.,
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TABLE X. List of the fusiqn barrier parameters
Rp and Vp obtained in fits of Eq, (1) to fusion cross sec-
tions. The data used in extracting the parameters are
referenced in the last column.

System Rg Vg References

2o+ 59 0.3 4.820,1 48,49
2c+MB 6,1 0.3 4.8+0,1 48
2c+ ¢ 6,5 £0.4 5.840,3 present, 12
2oyBc 7,0 20,2 5.7+0.3 present
2c+¥N 7,0 0.3 6.8%0,2 present, 10,15,17,18
2ceBN 7.2 20.3 6.3+0.4 present, 15
2c+%0 7,5 20,3 7.720.4 present, 22, 23, 24
2cy0 7.3 30.3 7.7+0.6 22
2c+%0 7.9 20,3 7.740.2 present, 22
2c+BF 7,6 £0,2 8.0:£0.4 present
UN+¥N 7.2 204 7.920.6 16
%0+%0 7.6 £0.4 11.2+0.6 present
60+ Mg 8.4 +0.4 15.9+0.9 50

%0+ %Mg 8.7 £0.4 16.5+0.9 50

60+ 27A1 8.1 #0.3 157+0.5 34,35
%0+40Cca 9.0 £0.4 23.721.0 51,52
170+ %"A1 8,5 0.3 15.8+0.6 34

B0+ %Mg 7.8 0.3 14.9:0.9 50

B0+ %A1 8.29+0.3 15.6£0.6 34

25+ Mg 8,7 £0.3 28.1+1.6 44,53

25 +40Cca 9,0 +0.7 43.3+4.5 44
$C1+27A1 8.8 +0.4 32.0%2.6 55
$C1+®Ti 8.7 0.4 49.2+3.8 55

301+ %Fe 9,7 20.8 55.1+5.0 55
$C1+%Ni 9.2 20.4 61.823.5 55,56
BC1+%Ni 9.0 1.2 60.5+3.6 56

%1+ 2Ni 9.5 0.4 60.6+3.9 55,56
Bc1+®Ni 9.5 20,4 60,0+4.1 55,56
BC1+%0Zr 9.7 20.4 83.9%3.5 55
40ca+%Ca 9.5 +0.5 50.6+2.8 54
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FIG. 18. The barrier parameters Rz and Vg (i.e.,
Va/Z,Ze? extracted from fits to the fusion data of
this study plotted versus (4,1/3+4,!/3). The curves
shown are discussed in the text.

O1uelE) = TRy ( —ﬁ-’-—‘-) ()

where R_; is interpreted as the minimum radius
which the nuclei must reach to fuse and V, as
the value of the total (nuclear plus Coulomb) po-
tential at this radius. In these studies®® the data
were found to be consistent with R ,=7,,(4,"/®
+A;!%), where 7,,=1.010.07 fm and V_,
=(0.1242,Z, - 117.6) MeV for Z,Z,<1000.

In the present study, the high energy data ex-
tend over a relatively small range in 1/E_, , and
R, and V_, cannot be independently determined.
Even when these data are considered together
with other data, little can be learned about the
systematics, and even evidence for a 1/E__ ‘de-
pendence is not conclusive. While higher energy
data for the *C +!°C system exist, the inconsis-
tencies between our cross sections and those of
Namboodiri, Chulick, and Natowitz!? in the en-
ergy range of overlap, make it difficult to draw
conclusions. It does appear that o,,, decreases at
the highest energies. Similar and indeed more
serious discrepancies exist for the *°0+°0 sys-
tem as noted previously. For the **0+!%C sys-
tem the data suggest that o, decreases at higher
energies. It is only for the *N+!%C system that
high energy data exist and all studi€s agree in
the region of overlap. Stokstad et al.'® quote
R.,;=1.08 fm and V= -2 MeV based on their fit
to the data. Their cross section at the highest
energy measured is 200 mb smaller than that
observed at slightly lower energies (Fig. 8), and
has been interpreted as evidence for a liquid-
drop limitation on g,,,.****°

The one quantity which does appear to be some~
what better determined for light systems at the
higher energies is the value of the maximum fu-
sion cross section, ogs. The values of o' es-
tablished in our measurements together with those
reported in the literature for other systems35:5% 51,60
involving '2C and %0 ions are shown in Fig. 20.
With the exception of one system (**N+12C), there
appears to be a rather striking difference, de-
pending on whether both ions have nucleons oc-
cupying only the 1p shell or whether one of them
also has some occupation of the s-d shell; of&
in the former case being 950 mb, while ¢ in
the latter case is #1200 mb. The glaring excep-
tion to the trend is the N+ *3C system with a
maximum fusion cross section of 1180 mb. Pre-
limipary results of other exceptions to this trend
have been reported® and the final results of these
measurements are of great interest. We showed
in the previous section that the barrier radii for
the s-d shell systems fall on a smooth extrapola-
tion from the lighter p-shell system. Such an ef-
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text. The dashed curves indicate the average trends. The A dependence of Ry can be approximated by two linear seg-
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A/3+A4,/35 5,0, The barrier height has the dependence V/V,Z,e?=0.153 - 0.00875 [A1/3+ 4,1/3].

fect must be intimately connected with the limiting
mechanism, and so may lead to a clue regarding
the underlying reaction process.

2. Model discussion

(a) Entrance channel effects. As noted at the

beginning of this section, possible explanations
of the om(E) behavior in this energy region have
fallen into two categories, i.e., entrance channel
effects, or properties of the compound nucleus.
In entrance channel models, the behavior of the
fusion process is understood as resulting from an
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FIG. 20. . Plot of o " observed for a number of sys-
tems involving 12C and %0 ions on targets in the 1p and
2s1d shell. These values are from the present study
and the studies of Refs. 35, 50—52, 60. The solid and dotted

lines represent ¢ i% predictions of the Bass model and

the Horn and Ferguson model, respectively (see text).

interplay between dissipative and conservative
forces. Friction between the two ions converts
energy (angular momentum) of relative motion into:
intrinsic excitation and thus may cause trapping of
the two ions in the ion-ion potential well. The
simplest model, first suggested by Galin et al.,*
makes the assumption that strong friction sets in
only at a “critical” radius, R, thus trapping all
the ions that reach this point. Fits to fusion data
using Eq. (9) give values of R, which are very
nearly equal to the sum of two half-density radii,
consistent with the distance where major rear-
rangements of nuclear structure and the corre-
sponding energy losses are expected to take
place.®® In this picture, the concept of a R, is
valid over the entire energy range; at low energies
the fusion cross section is determined by the inter-
action barrier [Eq. (1)] that must be overcome to
reach R, and at higher energies the fusion cross
section is determined by the highest partial wave
which reaches R, [Eq. (9)].

If the Bass potential is assumed and R, is taken
to be R_,=R, +R, [from Eq. (5)], one finds that
the predicted cross sections rather poorly repro-
duce the high energy experimental data and, in
particular, they do not reproduce the differences
in 052 between neighboring systems. These pre-
dictions are shown on Figs. 6-8, 10, 13-15, and
17 as dashed curves. The values of 02 as de-
termined from the intersections of the low energy
and high energy predictions are shown in Fig. 20
as the solid line. It should be noted that in the
recent Birkelund et ql.*® study, in which a friction-
al force was employed, it was shown the predicted
072 and the slope of o, (E) at higher energies
differed significantly from those predicted in fric-

tion-free calculations. While this may imply some
changes for light systems such as studied here,

it is unlikely to explain the abrupt changes in o2
as seen for *N+!%C and *N+%C, for example.

Inthe work of Horn and Ferguson,**discussed pre-
viously, it was suggested that the abrupt changes
in o2 might follow naturally from the paramet-
rization of the radius dependence for a specific
density overlap (i.e., 1.35% of central density) of
target and projectile. When this prescription is
used for the systems sutdied here, we find that
the predicted o7 depends sensitively on what nu-
clear charge-density distribution is used; the val-
ues of ofi2* can vary by as much as 10% depending
on what parameters are chosen from the litera-
ture. Using the most recent experimental results
quoted in de Jager, H. de Vries, and C. de Vries®,
we have calculated o,,(E) for the systems studied
here, as well as for some other °0-induced re-
actions on heavier targets. In Fig. 20, the pre-
dicted ofx are shown by the dotted line and com-
pared with those observed experimentally. As can
be seen, discrepancies on the order of = 100 mb
are seen, '

In all the explanations given, it is always as-
sumed that the limitation on ¢, is imposed by the
failure of the largest partial waves to contribute
to fusion. Recently, time dependent Hartree Fock
(TDHF) calculations have suggested that it is the
lower partial waves which do not fuse and that the
limitation to fusion is imposed by a low-1 cutoff
(e.g., Ref. 64 and 65). Calculations have been per-
formed by Flocard, Koonin, and Weiss® for the
150+ 160 system. In this system, there are large
discrepancies in the data; while the predicted
fusion cross sections in this high energy region
are =300 mb larger than observed in the present
study, they are in rather good agreement with
those of Ref. 23. A low-[ cutoff may manifest it-
self in the distribution of strength in the evapora-
tion residues. Such a distribution of strength was
not measured for the °0+!°0 system in the pres-
ent study.

(b) Yrast-spin limitation. As suggested by
Harar,'® the limitation of o, (E) at higher energies
could be due to an angular momentum limitation
imposed by the properties of the compound nu-
cleus. Specifically, if at a given excitation energy
in the compound nucleus, the grazing angular mo-
mentum [, is larger than the yrast-spin at this
excitation, then the compound nucleus cannot ac-
commodate all the angular momentum brought into
it. The yrast band in the compound nucleus can be
described by

2
E,=E0+-Z—g J(J+1), v (10)
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where E, is the band head excitation energy, 9 is
the moment of inertia, and E; is the excitation
energy of the yrast state of angular momentum J.
Then assuming [, =J, the fusion cross sections
‘can then be written as

9 E, -
ofus(Ec.m)swxz(J+ l)zz-ﬁ-(l ——E-—-Q-), (11)

Co Me

where @ is the ground state @ value for the fusion
reaction. As can be seen, this equation is identi-
cal in form to Eq. (9) which is not surprising since
the semiclassical models used imply a direct cor-
respondence between a critical angular momentum
and a critical distance.

If the moments of inertia and band head energies
were roughly constant throughout the compound nu-
clei in the upper s-d shell, then the apparent shell
effect in o2 might simply be a result of the @ val-
ues for the °F+1%C - 3P and **0+1%C - 3°Si reac-
tions being =25% larger than for the other reac-
tions. Such an explanation has been proposed by
Harar'® for the difference in ¢?% for the *N+*%C
and *N+12C systems, where Eq. (11) predicts a
=10% larger strength for the *N +!%C system.
However, recently Mosel*® has addressed this
question more quantitatively. First, Mosel argues
that for the systems considered (*%C +**C, *C
+19N, 12C +1°0, 12C + %0, and '2C +!°F), the ex-
perimental excitations in the compound nuclei are
considerably above the expected yrast lines. For
all but the *2C +'*C and '*C +*N systems, a limi-
tation due to the yrast band can be ruled out; but
even for these two systems, when deformation and
shell effects were included in determining the
yrast line, it was concluded that such a limitation
cannot be responsible for the observed drop of
Oy DElOW 0, ., at the higher energies.

D. Systems with oscillatory structure

One of the most interesting results of this study
of fusion cross sections of p-shell nuclei was the
observation of oscillatory structure in the energy
dependence of the fusion cross sections for three
systems: '%C+12C, °0+2C, and °*0+!%0. Since
the initial report of this effect,! many other groups
have studied one or more of these reactions by a
variety of techniques. The common results seem
to be the following: (1) In y-ray measurements
which can identify the final residual nucleus, in
a-particle yield measurements, and in measure-
ments of the elemental evaporation residue yields,
the structure is found to occur primarily in the
a-emission channels. It is not yet entirely clear
whether this is the case only because a emission
is the favored decay mode of high angular momen-

“tum states, or whether nuclear structure effects

are responsible. Evaporation calculations indi-
cate that of those compound nuclei formed by the
largest partial wave contributing to fusion, ap-
proximately 90% decay by a emission. (2) Sim-
ilar gross structure resonances have been ob-
served in some inelastic and transfer reactions
for these systems; i.e., *C(**C,*2C)'*C(2"),
12C(160’ 160)12c(z+)’ and 160(160’ 12c)20Ne&a..66-68
Cormier et al.°® have assigned spins which are
near the grazing partial waves to these struc-
tures by, somewhat arbitrarily, identifying the
spins of these gross structure resonances with
those of known narrower (intermediate structure)
resonances in the same energy region. (3) Cal-
culations of the total reaction cross sections for
the 1%C +'%C and *®0+°0 systems with optical po-
tentials which are fit to the elastic scattering
show structures which are qualitatively similar to
those observed in the fusion cross sections. These
potentials are all weakly absorbing at the nuclear
surface.®® For '*0+%C, it is necessary to de-
crease the absorption of the potential of Ref. 7 to
obtain such structures in the total reaction cross
sections. (4) The addition of one or more particles
to either of the ions in the entrance channel re-
duces any structure considerably; i.e., the mea-
sured fusion cross sections are somewhat larger
and within statistics vary much more smoothly
with energy.

Since weak absorption is crucial for the obser-
vation of shape resonances, the addition of one or
more nucleons may provide a damping mechanism
to broaden the widths of the resonance structure.
The three systems showing structure in fusion all
possess rather special symmetries; **C +'%C and
160+ 1%0 are identical particle systems and 0O
+12C is related to **C +'2C by a-particle exchange.
For the identical particle systems, odd partial
waves are forbidden, and the relative spacing of
single particle resonances is thus greater than
for nonidentical systems. In fact, the calculated
total reaction cross section for nonidentical mass-
12 particles with the **C +*C potential of Ref. 6
does not show structure. a-exchange effects
could introduce a situation in the '2C +°0 system
where the even partial waves are responsible for
the observed structures. Comparison of the struc-
tures observed in the calculated reaction cross
section for the %0+ °0 system to those observed
in the experimental fusion cross sections shows
that the spacing of the structures are in good
agreement. For the **C +%C system, the spacings
of the structures in the predicted reaction cross
sections and in the observed fusion cross sections
are similar but are out of phase. Calculations in-
cluding single and double excitation of **C(2*) have
shown that this might be understood as resulting
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from coupled-channel effects.®® Hence, at this
time, the “gross” structures observed in the fu-
sion data appear to be associated with the shape
resonances in the entrance channel. To date, no
measurements of fusion cross sections for other
light identical particle systems have been per-
formed in the energy range considered here.

V. CONCLUSIONS

In this paper, we have reported a large body of
measurements of fusion cross sections for target
and projectile systems with 12<A <19, In these
reactions, the fusion component is the largest
single part of the total reaction cross section, and
an understanding of the fusion mechanism is cru-
cial to a description of the complete target-pro-
jectile interaction. The three primary results
which have been obtained are the following: (1)
Structures are observed in the energy dependence
of the total fusion cross sections for **C'+*%C,
%0+'*C, and **0+'°0. (2) In the energy region
dominated by the interaction barrier, the A de-
pendence of the barrier radii for the systems
studied here does not follow the same general
systematics as for the heavier systems. The !°F
+2C and *®0+*C systems seem to mark a transi-
tion point between the two systematic trends. (3)
At higher energies, the maximum fusion cross
sections appear to be either 950 mb or 1200 mb.
Most puzzling at this time is the sudden change in

opx for systems differing by a nucleon or two
(e.g., *C +**N and *%C +'°N, and **C +°0 and **C
+174180Q), Our results have been viewed in the
context of other results in order to attempt to es-
tablish the systematic behavior and have been
discussed in the framework of macroscopic mod-
els. In this framework, it is concluded that while
the low-energy, barrier dominated, fusion cross
section behavior does not show a strong sensitivity
to the details of the entrance channel, nuclear
structure effects must be important in the limita-
tion of the fusion cross sections at high energies.
To reveal the dependence on nuclear structure at
the lower energies, more detailed data which
better define the distribution of reaction strength
and more sophisticated models to describe the re-
action process appear to be necessary.
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