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The fusion cross sections for the 1°B + %0 and '?C + N systems are compared for bombarding
energies up to 18 MeV/nucleon. The energy spectra, angular distributions, and relative yields of the
evaporation residues are analyzed in terms of simple kinematic considerations and Hauser-Feshbach
calculations. Simultaneous determinations of mass, charge, and energy and two particle coincidence
measurements at E;4 =13 MeV/nucleon support the identification of evaporation residues based

on inclusive measurements of Z and E alone. The gross characteristics of the residues are consistent
with the main process being complete fusion followed by equilibrium decay. The excitation func-
tions of the °B + %0 and '2C + N systems show significant differences which cannot be ex-
plained in terms of simple macroscopic models. At the highest bombarding energies the fusion
cross sections decrease as 1/E,, for both systems and are consistent with a maximum angular

momentum limit of ~27%.

I. INTRODUCTION

Measurements of fusion cross sections (oyygo,) for light
heavy-ion systems (A7+A4, <40) are of interest because
they offer an opportunity for studying the effects of indi-
vidual nucleons on the fusion process. Such effects have
been reported for several p-shell and s-d shell projectile-
target combinations for energies far below the fusion bar-
rier.! At energies slightly above the barrier, some mea-
surements have indicated the importance of individual nu-
cleons (or clusters) in the fusion process, generating small
oscillations in the excitation functions®® or varying the
maximum fusion cross sections.* These effects are not
reproduced by current macroscopic models,”~® which
work very well for heavier systems.

In addition, for the light systems, the isolation of the
factors that limit the magnitude of the fusion cross sec-
tion is of current interest. Specifically, the question is
whether the limitations arise from the entrance channel or
are associated with the yrast line in the compound nu-
cleus.’ Another subject in the study of fusion cross sec-
tions concerns absolute angular momentum limitations
such as those predicted by the rotating liquid-drop
model.'°

To address the above considerations, it is desirable to
have experimental data for different entrance channels
that populate the same compound nucleus and for bom-
barding energies well in excess of the interaction barrier.
We describe here the measurement of fusion cross sections
for the compound nucleus 26Al, produced in the reactions
of '°B+190 and '2C+*N for bombarding energies up to
18 MeV/nucleon. Portions of these results have appeared
previously in Letter publications!'~!* or in conference
proceedings.!*!* A description of the methods whereby
fusion cross sections are deduced from measurements of Z
and E distributions is given in Ref. 16.

After a brief description of the experimental methods
(Sec. II), we review the techniques for identifying evapora-
tion residues when their masses are comparable to or less
than those of the target or projectile (Sec. III). Sections
IV and V discuss the results of the time-of-flight and
coincidence experiments, respectively. The sum of the
direct and fusion cross sections is compared with the total
reaction cross section in Sec. VI, and Sec. VII contains a
discussion of incomplete fusion and preequilibrium pro-
cesses. The features of the fusion excitation functions for
both systems are presented and discussed in Sec. VIII.

II. EXPERIMENTAL METHODS

The experimental methods used in this study consisted
of the following: (i) measurements of Z and E using AE-
E telescopes'®; (ii) measurements of Z, 4, and E using a
time-of-flight spectrometer; and (iii) two-particle coin-
cidence experiments with pairs of AE-E telescopes. The
majority of the experimental data was obtained ugsing
method (i). In this case, absolute cross sections were ob-
tained through measurement of the yield, integrated beam
current, detector geometry, and target thickness. Target
thicknesses were measured by weighing foils of known
area and by measurement of the energy loss of alpha parti-
cles. In one case, a '°B beam and an °O gaseous target!’
were used. The target thickness and absolute cross sec-
tions in this case were obtained by normalization to the
elastic scattering from a known admixture (0.2%) of xe-
non to the oxygen gas. Beams of N at 158 and 248 MeV
were provided by the Lawrence Berkeley Laboratory 88-
inch cyclotron. All other beams of %0, N, and '°B were
obtained from the Oak Ridge Isochronous Cyclotron. In
both cases, beams were focused onto the target without
the use of collimating slits; this procedure was important
for obtaining clean spectra for reaction products with the
same charge as the projectile.
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The simultaneous measurement of mass, charge, and
energy was done with the time-of-flight spectrometer at
ORNL. Channel plates and thin carbon foils mounted at
45° to the 100-cm-long flight path determined the time-
of-flight with a resolution of 600 psec. The energies of
the particles and their atomic numbers were measured
with a AE (ionization chamber), E (surface barrier) detec-
tor telescope. The system was able to resolve adjacent
masses and atomic numbers for all reaction products
through mass 22. Absolute cross sections were deter-
mined by normalization to previous measurements of Z
and E made in a scattering chamber with a more accurate
Faraday cup.

The coincidence measurements employed four AE (ioni-
zation chamber), E (surface barrier) telescopes in the ex-
perimental arrangement shown in Fig. 1. The telescope
T, was placed at a fixed angle of 7.8° on one side of the
beam. Coincidences were recorded between this counter
and movable telescopes T,—T, at laboratory angles from
7° to 64° on the other side of the beam. In-plane angular
correlations were measured for all Z >2 with this arrange-
ment.

Methods (ii) and (iii) were used for the N+ '?C reac-
tion at E;4 ~182 MeV. The purpose of these measure-

ments was to check the reliability of cross sections for
fusion based on measurements of Z and E distributions.

III. CHARACTERISTICS AND IDENTIFICATION
OF EVAPORATION RESIDUES

For heavy-ion systems where the evaporation residue is
heavier than either the target or the projectile, the deter-

EXPERIMENTAL SETUP FOR Z,-Z,
COINCIDENCES FOR THE ‘2c+"N
REACTION AT Eyq =182 MeV.

TARGET

15°
Ta /// \

BEAM

v

FIG. 1. Experimental setup for the coincidence measure-
ments for the “N+"C at E,, =182 MeV. The in-plane angu-

lar correlations for the various elements were measured by fixing
the counter telescope T'; at 0,,,=7.8° and varying the angles of
the telescopes T, T3, and T, in the range from 1° to 64°.
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mination of the mass or nuclear charge is usually enough
to identify the evaporation residues. However, for systems
such as N+ 12C, this is not always the case, therefore
one must use the additional information contained in the
energy spectra. Figure 2 displays the energy spectra of
fragments from neon to lithium produced in the N+ 12C
reaction at E, =248 MeV. For Z > 5, the lower energy

groups with centroids of ~5 MeV/nucleon can be associ-
ated tentatively with the evaporation residues, since they
have mean velocities characteristic of the velocity of the
compound nucleus. The higher energy groups with cen-
troids of about 18 MeV/nucleon, which are particularly
prominent for Z =6, have velocities characteristic of the
projectile, and hence they can be associated with products
of direct reactions. The dashed lines shown in Figs. 2 and
3 indicate the way in which the two components were un-
folded in the previous analyses. A more detailed analysis
is required, however, in order to determine whether these
lower energy components are consistent with the evapora-
tion residues of a fully equilibrated compound nuclei.

A. Kinematic analysis

A description of a simple kinematic analysis of the
recoil imparted to an evaporation residue was given in
Ref. 16. There it was shown under certain assumptions
that
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FIG. 2. Energy spectra (dots) for reaction products from
Z =10 to 3, resulting from the collision of 248 MeV *N on '2C.
The dashed lines indicate the unfolding of low (ER) and high
(Direct Reactions) energy components. The histograms show
the results of the Monte-Carlo code LILITA.
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Here, Vj is the laboratory velocity of an evaporation resi-
due observed at laboratory angle 6;. The velocity of the
center of mass, Vy, assuming full momentum transfer, is
given by

(A +AT)VCN=A Vp )

where ¥V, and 4, are the velocity and mass of the projec-
tile, and Ar is the mass of the target. The width of the
Gaussian distribution at a given laboratory angle is denot-
ed by s.

Provided that the center-of-mass velocity exceeds the
maximum total recoil velocity from light particle emis-
sion, that several particles are evaporated isotropically,
and that the angle of observation is not too close to 0°, the
invariant velocity spectrum

1/V3d*c/dVrdQ;

should be a Gaussian with its centroid at Vcncos@;. The
conditions under whlch Eq. (1) is valid are dlscussed in
more detail elsewhere.!®

Expression (1) is compared with the experimental data
in Figs. 4 and 5. Velocity spectra were determined from
the energy spectra for each element by assuming a distri-
bution of isotopes given by a Hauser-Feshbach calcula-
tion.” Figure 4 shows several of the invariant velocity
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FIG. 3. Energy spectra (dots) for reaction products from
Z =10 to 3, resulting from the collision of 203.6 MeV '°O on
OB, The curves have the same meaning as in Fig. 2.

spectra observed at 6, =8° for the reactions 2C+*N at
E 14, =248 MeV and '"B+'°O at Es, =168 MeV. The
solid lines are Gaussian fits to the low velocity portion of
each spectrum. The dashed lines denote the portions of
the spectra containing significant peripheral reaction com-
ponents that were excluded from the fit. The vertical lines
in Fig. 4 correspond to the predicted centroid Vcosf;,
and are seen to reproduce the experimental centroids quite
well.

A summary of this analysis is given in Fig. 5, where the
experimental centroids V', divided by ¥ cycosé,, are plot-
ted versus the velocity of the compound nucleus V.
The solid dots correspond to the experimental centroids
for the “N+!2C system for *N bombarding energies
from 86 to 248 MeV, and the open dots refer to those of
the 1B+ 10 system for '®0O bombarding energies from 93
to 203 MeV. As can be seen from Fig. 5, the ratio
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FIG. 4. Velocity distributions Vi 2420 /dQdVy for reaction
products of the *N+ '2C systems (left) and '°O+ B (right) at a
laboratory angle of 8°. The solid lines through the data points
show the result of a Gaussian fit to the evaporation residue dis-
tributions and the vertical lines are the prediction for the cen-
troids ( ¥z = Vencosy ) under the assumption of full momentum
transfer and equilibrium emission. The dashed lines are used to
delineate the peripheral components. The vertical arrows shown
for the velocity distribution of the N+ '2C system indicate the
expected centroids for fragments arising from incomplete fusion,
assuming a loss of one a particle from the N projectile.
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in conjunction with probability distributions derived from

a o Z=4 the Hauser-Feshbach formula.
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FIG. 5. Summary of the kinematical analysis for the 2= ]
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um decay.

B. Hauser-Feshbach Monte-Carlo calculations

The characteristics of the reaction products can also be
compared to statistical model calculations to determine
whether these products are consistent with the decay of a
fully equilibrated compound nucleus. The Monte-Carlo
code LILITA (Refs. 16 and 19) was developed in order to

emb (deg)

FIG. 6. Angular distributions for the evaporation residues of
%A1 formed by the “N+'2C entrance channel at E 4 =248

MeV. The histograms show the result of the Monte-Carlo
Hauser-Feshbach calculations described in the text. The experi-
mental and theoretical angular distributions for Z=6 and 5
have been multiplied by the indicated factors for plotting pur-
poses.
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TABLE 1. Cross sections for the 'O+ '°B and “N+'2C.

E 1ab E c.m. Ex O fusion J 3 Op o, o, oma
(MeV) (MeV) (MeV) (mb) h (mb) (mb) (mb)
160+IOB

42.0 16.15 35.68 963+ 78 11.1+0.5 108+10 1071 1052
46.4 17.85 37.37 985+ 78 11.9+0.5 184118 1169 1111
50.9 19.58 39.1 985+ 78 12.5+0.5 200+£20 1185 1161
66.6 25.62 45.14 1160+ 104 15.7+0.6 160+16 1320 1271
93.5 35.96 55.48 1240+115 19.5+0.9 236+21 1476 1364
67.0° 41.23 60.75 1263+102 21.1+£0.9 91°+4 1354 1393
143.2 55.09 74.6 1166110 23.6+1.0 356+30 1522 1400
169.7 65.27 84.79 1115+100 24.0+1.0 403140 1518 1479
203.6 78.3 97.82 955+100 25.6+1.0 454145 1409 1579
14N+12C
158.0 72.92 88.06 903+ 90 24.5+1.0 557+50 1460 1460
248 114.46 129.6 642+ 64 26.0+1.0 809+80 1451 1515

2For the 'O+!°B optical model calculations the optical model parameters were extracted from fits to elastic scattering at
E('%0)=66.6 and 93.4 MeV. The parameters are 7o=1.25, a;=0.52, ro =1.22, ag =0.54, V=28.23, W=0.440.31 E, , .

"Direct cross sections extracted only for Z =5.
“Measurements done with an '°0 gas cell target and '°B beam.

(dashed line) included some of the peripheral reaction
component with the evaporation residues. This occurs
only for these elements and at forward angles, and thus is
not a major source of error. As experience in the use of
these Monte Carlo statistical model calculations has in-
creased, so has the confidence in their reliability and accu-
racy. Therefore, it now seems desirable to use the calcula-
tion more directly in the unfolding of the experimental
data, rather than to rely solely on the shape of the experi-
mental spectra. The data have been reanalyzed and cross
sections correspondingly adjusted. The revised values are
given in Table I. The maximum change in any fusion
cross section has been 10%. All conclusions based on the
earlier analysis are still valid.

Comparisons of the experimental angular distributions
of evaporation residues with the Monte-Carlo calculations
(histograms) are shown in Figs. 6 and 7. The solid data
points correspond to the unfolding of the spectra, as given
by the dashed lines in Figs. 2 and 3. At these bombarding
energies, the evaporation residue cross sections from Z =5
to 8 constitute 85% of the fusion cross section. For most
of the elements, the calculated angular distributions follow
the trend of the experimental data for two orders of mag-
nitude and give supporting evidence for the proper identi-
fication of the evaporation residues. (At large angles and
for products with small Z, there may be contributions
from low energy recoils of the direct reaction products.
This has a negligible effect on the deduced fusion cross
section.) For these bombarding energies the compound
nucleus excitation energy is 129 MeV (“N+'2C) and 98
MeV (1%0+ 1°B), corresponding to nuclear temperatures of
T ~6.1 and 5.3 MeV, respectively. In spite of the high
temperature, there does not appear to be any evidence of
sizable preequilibrium effects (see Sec. VII).

Since the “N+'2C and 1B+ !0 systems populate the
same compound nucleus, 2°Al, the assumption of equi-
librium decay for these systems can be tested in a model

independent way by comparing the relative yield distribu-
tions for cases where the compound nucleus is formed at
the same excitation energy and angular momentum. Such
a comparison is shown in Fig. 8 for the two excitation en-
ergies in 2%Al, E, =44 MeV (top) and E, =97 MeV (bot-
tom). The relative yields are given for the “N+!2C sys-
tem by the dashed histograms and those for the °B+ %0
system by the solid lines. The similarities observed at
both high and low excitation energies indicate that the
same compound system is formed and that its decay is in-
dependent of the entrance channel. For comparison, the
predictions of the statistical model are shown (as solid
bars) in Fig. 8. The agreement is quite good.

IV. CHARGE AND MASS DISTRIBUTIONS

Measurements of the energy spectra for individual iso-
topes provide a more stringent comparison of the statisti-
cal model with experimental data and can also facilitate
the separation of residues from direct reaction products.
Figure 9 shows energy spectra for the isotopes of carbon,
produced at 6, =6" in the reaction N+ '>C at E, =182
MeV. Note that the direct reaction component is com-
pletely absent from the *C spectrum. Production of *C
by a direct process would require simultaneous exchange
of a proton and a neutron—an unlikely process. The
separation between the direct products and the evapora-
tion residues is quite clear for *C. The Monte Carlo pre-
dictions of the evaporation residue spectra are given for
each isotope by the histograms, which have been normal-
ized to the data in each case.

A similar comparison is given in Fig. 10 for a laborato-
ry angle of 12°. Note the much reduced direct reaction
component. The angle integrated yields for each isotope
of boron, carbon, nitrogen, and oxygen are shown in Fig.
11 and are compared with the statistical model prediction.
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FIG. 7. Angular distributions for the evaporation residues of
203.6 MeV O on '°B. The histograms show the results of the
Monte-Carlo Hauser-Feshbach calculations.

The only discrepancy of note concerns '?C and !'B. The
predicted amounts of !B and '>C depend critically upon
the treatment of proton emission just above the threshold.
Since the predicted yield of '2C is too high by the same
amount that the !'B is too low, we expect that this does
not represent a serious discrepancy with the evaporation
code and could be removed by a reasonable adjustment of
the parameters affecting the proton decay of '*C.

V. COINCIDENCE MEASUREMENTS

More direct information on the nature of the reaction
mechanism can be obtained from coincidence measure-
ments. An evaporation residue should have associated
with it only those light particles, e.g., protons, neutrons,
and a particles, which were evaporated. Direct reactions,
on the other hand, should produce two bodies with masses
near those of the target and projectile, each of which
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FIG. 8. Comparisons of the experimental angle integrated
yields of evaporation residues for 50+ °B (solid histogram) and
N+ 12C (dashed histogram) at low and high excitation energies.
o is the measured fusion cross section and J, is the deduced
critical angular momentum.

might have an excitation energy sufficient to evaporate a
few mass units after emerging from the primary collision
region. A direct reaction product thus should appear in
coincidence with another fragment of comparable mass.
This could be a particle with a charge, e.g., of 5, 6, 7, or 8.
This can be tested by observing heavy-ion, heavy-ion coin-
cidences with the apparatus shown in Fig. 1. The spectra
of carbon ions detected at 8° in coincidence with ions of
boron, carbon, and nitrogen are shown in Fig. 12(b). The
coincidence yield has been integrated over all (in-plane)
angles of the recoil particles. Note the similarity of this
coincidence spectrum with the portion of the singles spec-
trum in Fig. 12(a) which is labeled as the direct com-
ponent. In particular, the evaporation residues are not in
coincidence with another fragment of charge 5 or higher.
The evaporation residues are in coincidence with a parti-
cles, however, as is shown in Fig. 12(c). Alpha particles
are also associated with direct reaction products, since the
primary reaction products can be excited above the thresh-
old for a-particle emission. It is clear that the a-particle
multiplicity is larger for evaporation residues than for
direct reaction products.

The above comparison of the coincidence results with
qualitative expectations for the characteristics of evapora-
tion residues and direct reaction products indicates that
the separation of these two mechanisms, based on the sin-
gles measurements alone, is reasonable. A more stringent
test, however, is the angular correlation of a particles in
coincidence with the residues. Figure 13 shows a compar-
ison of such data with the statistical model prediction
(histogram). Subsequent experiments have enabled a more
extensive, quantitative comparison of the a-particle multi-
plicities, energy spectra, and angular distributions in coin-
cidence with the residues.?’ These results and the Monte
Carlo statistical model calculations also compare favor-
ably.
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FIG. 9. Energy spectrum (dots) for carbon isotopes measured
at 0p,,=6° by the time-of-flight technique for the reaction 182
MeV “N+!2C. The histograms show the prediction of the code
LILITA.

VI. TOTAL REACTION CROSS SECTION

The double-peaked shape of the energy spectra observed
at forward angles (Figs. 2 and 3) has led naturally to the
classification of the reaction products. The sum of these
two cross sections should give the total reaction cross sec-
tion, provided no products have been lost (e.g., through
detection thresholds) and there has been no double count-
ing of fragments. The total reaction cross section was ob-

16
I | | [ I 7 [
14— 4N ¢ EXPERIMENTAL —
Eyqy = 182MeV
2~ Bgp=12° _I'L MONTE CARLO  —]

(05/dQdE ) g, ( mb/sr MeV )

(e} 20 40 60 80 100 14120 440 160 180
Elob(MeV)

FIG. 10. Energy spectrum (dots) and statistical model calcu-
lations for carbon isotopes measured at 6;,,=12°.

tained independently through an optical model analysis of
the elastic scattering (see Ref. 16). The energy dependence
of or was determined by an analysis at several energies
and by a comparison with a series of extensive measure-
ments made on a similar system, >C+ 12C.222

A comparison of oy obtained by adding ofyon and
Ogirect With o (optical model) is made in Fig. 14. The
system '°B+ !0 is included in this comparison. Note the
good agreement and, in particular, the relatively smooth
behavior of oy in the high energy region. This is impor-
tant in that it shows that reaction products are not escap-
ing detection.

VII. INCOMPLETE FUSION
AND PREEQUILIBRIUM PROCESSES

The most extensive comparisons of the experimental
data with the statistical model have been made for the re-
action *N+'>C at Eq =13 MeV/nucleon. The results

of this comparison do not indicate major discrepancies be-
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FIG. 11. Relative yield of evaporation residues measured by
the time-of-flight technique for the reaction 182 MeV N+ '2C.
The histograms show the Monte Carlo calculation.

tween the expectations for complete fusion followed by
equilibrium decay and the observed characteristics of the
evaporation residues. It is on this basis that cross sections
for fusion have been deduced. It is possible, of course,
that nonequilibrium processes are present to some extent
at 13 MeV/nucleon and that they result in reaction prod-
ucts having characteristics sufficiently similar to evapora-
tion residues that it becomes difficult to identify them.
We also expect that the intensity of any nonequilibrium
processes will increase with increasing bombarding energy.
Since our definition of fusion is an operational one, reac-
tion products whose characteristics agree with the statisti-
cal model predictions will be classified as such. It thus
becomes a question of how accurately one can predict
these characteristics and how extensive and complete are
the experiments to which they will be compared.

There have been a number of measurements in the last
few years in which beam (and higher) velocity a particles
have been detected in coincidence with heavy resi-
dues.”>~2% In cases involving rare earth targets, charac-
teristic gamma rays show that the remainder of the pro-
jectile was captured by the target. This type of reaction is
referred to as incomplete fusion or massive transfer. In
other cases,?”?® it also appears likely that a significant
(but not full) amount of momentum was transferred to the
target. One must inquire to what extent such processes
might be present in the N+ '2C and °B+ !0 reactions,
especially for reactions at bombarding energies above 10
MeV/nucleon.?

Incomplete fusion implies incomplete momentum
transfer and, therefore, a different velocity of the com-
pound system. In our experiment, the average velocities
of the residues all agree with the expectation for full
momentum transfer (see Figs. 4 and 5), even for the
highest bombarding energies. The vertical arrows in Fig.
4 denote the centroids expected for fragments arising from
an incomplete fusion reaction assuming that an alpha par-
ticle in the "N projectile is a “spectator” and continues
with the beam velocity while the remaining °B is cap-
tured. This results in a compound system having a lower
velocity. It is also possible that an alpha particle in the
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FIG. 12. Energy spectrum of carbon ions at 6,,=7.8° for E
(N)=182 MeV. (a) Singles spectrum displaying the evapora-
tion residue and direct reaction components. (b) Spectrum for
Z,=6 after integration of the coincidence angular correlation
for associated fragments of nitrogen, carbon, and boron. (c)
Spectrum for Z, =6 after integration of coincidence, the angular
correlation for associated a particles.

2C target is a spectator and receives no transferred
momentum. In this case, the N projectile effectively
fuses with a ®Be target and produces a compound system
with a higher velocity. Inspection of Fig. 4 indicates that
there is no major component of either of these processes
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FIG. 13. The angular correlation of a particles in coincidence
with evaporation residues having Z =8.

present. However, the presence of both such incomplete
fusion components in nearly equal proportions would
leave the location of the centroid approximately un-
changed. In fact, for identical projectile and target nuclei,
the centroid would be exactly the same as incomplete
fusion, and the only effect would be a symmetric broaden-
ing of the velocity spectrum. Calculations of the velocity
distributions for the complete fusion of 248-MeV
YN 4 12C are shown in Fig. 15 (solid curves) and, as can
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FIG. 14. The total reaction cross section for °B+'%0 and
12¢ 4 N obtained by adding the measured direct and compound
components. The values obtained from optical model parame-
ters are based on fits to elastic scattering.
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FIG. 15. Velocity spectra of fluorine, oxygen, nitrogen, and
carbon fragments for the “N+4!2C reaction at E (“*N)=248
MeV and at 0,,,=8°. The solid curves are the results of com-
plete fusion calculations using the Monte-Carlo code LILITA.

be seen, the predicted widths are generally smaller than
the widths of the evaporation residue portion of the yield
(lower energy groups for Z < 8), an effect that can be ac-
counted for by the incomplete fusion mechanism. At 182
MeV (Fig. 10) this effect is much smaller. It is difficult to
place upper limits on the amounts of incomplete fusion
present by an examination of the width of the distribution
(especially if one considers a single nucleon as a spectator).
Nevertheless, Monte-Carlo calculations have been used for
the two extreme cases of 248-MeV !N+ ®Be and
(13)x 248 MeV 1°B + 12C. The results of these calcula-
tions (arbitrarily normalized to the data) are shown in Fig.
16, where the solid histograms correspond to Z=8
evaporation residues coming from the '°B+'2C fusion,
and the dotted one to those of the fusion of “N+°®Be.
These comparisons indicate that neither of the above pro-
cesses alone can account for the data; however, a combina-
tion of both plus complete fusion can. From a fit to the
energy spectrum shown in Fig. 16, we conclude that in-
complete fusion in the form of °B+'2C capture and
N +®Be capture could be present in the amounts of 10%
and 15%, respectively, in the Z =8 spectrum at 6,,,=8".

VIII. DISCUSSION

Attempts to understand the behavior of fusion cross
sections in light systems fall generally into two extreme
categories—those which emphasize either the properties
of the projectile and target, i.e., the entrance channel, or
those based on the properties of the compound nucleus.
However, the time evolution from entrance channel to
compound nucleus is continuous and the properties of the
intermediate stages must also be important. While there
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FIG. 16. Energy spectra of oxygen fragments for the
N 4+ 2C reaction at E (“¥N)=248 MeV and at 6,,,=8°. The
dotted and dashed histograms are the results of incomplete
fusion Monte-Carlo calculations discussed in the text.

are theoretical treatments which consider the intermediate
stages—the two center shell model® and the time-
dependent Hartree-Fock approximation®' are examples—
the consideration of the two extremes is useful and it may
provide important clues to the reaction mechanism.

The discussion of fusion reactions usually centers
around limitations on the fusion cross section or limita-
tions on the critical angular momentum for fusion. Both
the entrance channel and the compound nucleus place lim-
its on fusion. At energies near the Coulomb barrier there
are many compound nuclear states available and the bar-
rier in the entrance channel is the limiting factor. At very
high energies the entrance channel may bring in an angu-
lar momentum larger than the compound nucleus can sup-
port. In this case, the compound nucleus does not exist
and therefore is not formed. At intermediate energies
there must be a transition from the one form of limit to
the other. The questions are the following: (i) Which
mechanism imposes the more restrictive limit? (ii) What
is the element of nuclear structure that is responsible for
the limit?

A. Entrance channel models

The experimental fusion cross sections are shown in
Fig. 17 and are plotted versus (E_ 5, )~'. The curved solid
and dashed lines in Fig. 17 are fits to the data using the
Glas and Mosel parametrization.” The parameters are
(2C+ "N, B4+ 190) rp (fm)=(1.4, 1.5); V(Rp) (MeV)
=(6.7,6.7);r,=(1.11, 1.35); V(R )=(—1.9, 2.5); ho
(MeV)=(2,2). Note the large difference in the reduced pa-
rameters describing the location of, and the potential at,
the inner critical radius. They reflect the large differences
for these two systems already apparent in Fig. 17. Such
large variations in the cross sections are not explained by
an A/ variation in the nuclear radii.

Birkelund et al.® have studied the systematics of fusion
cross sections in the context of an entrance channel model
by solving the classical equations of motion for a real
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FIG. 17. Fusion cross sections plotted against (E.,, )~! for
1081 10 and '>C+'“N. The solid and dashed curves show fits
to the data using the parametrization of Glas and Mosel. The
straight line passing through the origin gives the expected trend
of ogysion fOr a constant maximum angular momentum of 274.

proximity potential and a proximity one-body frictional
force. Without an ad hoc adjustment of parameters, they
obtain reasonably good agreement for the >C+ N fusion
cross section. The prediction for 1°B+ 190 is very similar
to that for 2C+ !N and therefore does not reproduce the
data. This is not surprising, since the global approach of
their analysis excludes the variation of parameters to fit
each case.

Nuclear radii do not vary exactly as 4°/°, however, and
the effects of this on the fusion cross section can be es-
timated. Folding model calculations,*? which incorporate
mean-square radii determined by electron scattering, indi-
cate that 2C+!N and °B+'%0 have the same mass
overlap at radii of 1.11 and 1.15 times (4173 +4+4173),
respectively. Incorporating this in the Glas and Mosel
formulation produces a maximum predicted difference in
the cross section of 7%. While in the right direction, this
accounts for only about one-fifth of the observed differ-
ence. Vandenbosch® has calculated fusion cross sections
with a classical trajectory model incorporating the prox-
imity potential and one-body friction (similar to Birkelund
et al.®), but has used radii and diffuseness parameters tak-
en from . electron scatterin% results. These calculations
predict differences between °B+!°0 and '2C+ *N which
are from one-third to one-half of the observed differences.
However, the overall energy dependence is not well repro-
duced, especially at low energies.

From the above, we may conclude (for 2C+'“N and
1081 1%0) that either the entrance channel is not the most
important limiting factor for fusion in the region of

173
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E . ~20—70 MeV, or, if the entrance channel is not the
important factor, then individual nucleons may be playing
a critical role in a way not described by macroscopic cal-
culations.

B. Compound nucleus models

The properties of the compound nucleus are its excita-
tion energy, E,=E_, +Q, and the maximum angular
momentum at which it is formed, J, given by
(J +1)?=0yygion/7A2. Figure 18 shows E, vs J(J+1) for
the compound nucleus 641, If, for example, the com-
pound nucleus were the limiting factor on oy, at all en-
ergies and for entrance channels, then all the data points
in Fig. 18 should determine a single locus. This is clearly
not the case. At low excitation energies, differences are
expected because the Coulomb barrier (or outer interaction
barrier) is the important factor. At high energies, the
liquid drop limit!® should set in, and this is apparent for
the highest energies in Fig. 18.

It is clear that, in the intermediate energy region, the
limiting angular momenta for )C+!“N and '°B+ !0
determine separate loci. Thus, strictly speaking, the com-
pound nucleus cannot be the limiting factor for both
2C+ N and °B+%0. It is true that the differences be-
tween °B+1'°0 and '>C+'N shown in Fig. 18 appear
smaller when the data are plotted as E, vs J(J+1). A
contributing factor to this is the ~4-MeV difference in Q
values for the two reactions. The square-root dependence
of J or ogion also makes the differences appear smaller.
The Saclay group®® has examined a number of different
reactions leading to the same compound nucleus and
finds, in general, that the differences in Q value are in the
direction such that a plot of E, vs J? produces loci closer
to each other than when the data are plotted as oyyon VS
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FIG. 18. Plot of the excitation energy vs J? for the °B+'°0
and '2C+'“N systems. Note the different slopes of the loci for
J2<(25)*h% The curve labeled “Diebel” is the calculated yrast
line given in Ref. 35.
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E_ ., . This trend has been noted in another form, viz., the
variation of 0™ from system to system, by Lee et al.**
However, no Q value shift can eliminate the crossing (or
different slopes) of the loci shown in Fig. 18.

If it were possible to know independently the location of
the yrast line, then it would be obvious whether the en-
trance channel or the compound nucleus is the limiting
factor. An indication of its location can be obtained from
theoretical calculations. Glas and Mosel’ and Diebel
et al.>® have used the Strutinsky method for rotating nu-
clei to calculate yrast lines in the mass region from 4 =24
to 60. Their results for 4 =26 are indicated in Fig. 18 and
suggest that fusion reactions do not populate, and there-
fore are not limited by, the yrast line of a rapidly rotating,
highly deformed, but otherwise “cold” nucleus. The nu-

- —_

(6) y=028 (7H

y=0.64 (26 )

x=0
FIG. 19. The shapes of a nucleus with 4 ~26 as predicted by
the rotating liquid drop model (see Ref. 10). The dashed curves

show the saddle point configuration, and the solid ones, those of
the ground state.
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clear system produced in a high energy collision will have
some thermal excitation and therefore be displaced from
the cold yrast line. It appears reasonable that the struc-
ture of the cold yrast line is carried over to an effective
yrast line relevant for fusion. This approach has been fol-
lowed by Lee et al.>* who assume that the effective yrast
line lies parallel to the cold yrast line. A fit to a number
of data suggests that the shift is ~10 MeV if the cold
yrast line is calculated with a rigid body moment of iner-
tia having a radius parameter ro=1.2 fm. However, there
are significant deviations between experiment and this
parametrization, and the measured slopes of o7y, are not
always reproduced.¢

Another method of defining an effective yrast line has
been proposed by Vandenbosch.’” The argument is made
that fusion will occur when the compound nucleus is far
enough above the yrast line such that the average width of
levels I" divided by the average spacing is the order of uni-
ty. The value of T is obtained from the empirical correla-
tion of experimental values given by Shapira et al.*® and
the spacing of levels from the compilation of Gilbert and
Cameron.” (There is an uncertainty in the location of
this line connected with the uncertainty in the density of
levels.) The comparison with experiment is favorable,
particularly for the higher J values. At lower J values,
J <20, the data lie further above the yrast line. As noted
by the authors,’” this suggests that the properties of the
entrance channel are the more stringent limiting factor at
bombarding energies just above the break in opyon(E).
This interpretation may be contrasted with that of Lee
et al.3* who assume their statistical yrast limitation is
valid down to energies at which 0™ is reached. Finally,
a consideration of kinetic energy and angular conservation
by Von Oertzen leads to the conclusion that the yrast line
is not reached at moderate energies and that it is the
dynamics of the entrance channel that limit fusion.*’

At the highest bombarding energies the rotating liquid
drop limit—the angular momentum for which the barrier
against fission vanishes—becomes a quantity of impor-
tance. The data for '>)C+ !N and '°B+ !0 exhibit such a
maximum angular momentum, and the value (see Fig. 18)
is consistent with that of the rotating liquid drop model.!°
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It is interesting to consider the predicted shape of the 26Al
nucleus at this limit. The dashed line in Fig. 19 (from
Ref. 10) shows the shape of the saddle point configuration
and the solid line that of the ground state configuration.
At 267 the shapes are nearly identical. (At 26.6#, they are
identical.) The configuration at the liquid drop limit is
very similar to that of a carbon ion and nitrogen ion in
close contact. Thus, in this limit, the concepts of com-
pound nucleus and entrance channel merge.

The similarity of the saddle point shapes (dashed lines)
in Fig. 19 with the shape of the entrance channel at the
point when the ions first interact also has provided a par-
tial justification for treating the fusion process in a one-
dimensional model. Heavier systems have thicker necks
at the saddle point and thus require an explicit treatment
of the neck degree of freedom in their formation.
Nevertheless, the large differences between the fusion
cross sections for '°B+1%0 and 2C+!*N call into ques-
tion the neglect of the necking degree of freedom. It is the
valence nucleons that should play an important role in the
formation of a neck at the onset of the fusion process; the
different nuclear structures of °B, 12C, N, and °0O may
be influencing the fusion cross section in just this way.

The above discussion has focused on fusion and has
neglected the process which competes with it for the flux
making up the total reaction cross section. This process is
the direct or peripheral reaction. The elements of nuclear
structure (presence of collective levels, etc.) and reaction
mechanism governing the strength of the direct reaction
channels are of equal importance in understanding fusion
cross sections. There have been a number of promising ef-
forts in this direction.*""4?

It seems likely that a future understanding of the fusion
cross sections for light systems in the intermediate energy
region will have to encompass both the entrance channel
(including competition with the direct reactions) and the
properties of the compound and precompound nucleus.
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