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The reactions of 6 MeV/nucleon '2C, PN, %0, °F, and Ne ions on *!V have been studied by
measuring the yields and projected recoil range distributions of radioactive reaction residues and
the inclusive spectra of emitted projectile-like fragments. Modelling of the reaction mechanism in
terms of contributions from complete fusion and various incomplete fusion processes, on the hy-
pothesis that the observed projectile-like fragments are essentially all due to incomplete fusion,
leads to good agreement with the observed yields and recoil distributions. The results are discussed
in the context of the sum rule model of incomplete fusion.

I. INTRODUCTION

Above the Coulomb barrier, the reaction cross section
in reactions of light heavy ions is dominated by the mech-
anism of fusion/evaporation. However, it has long been
realised that, in addition to complete fusion, various in-
complete fusion processes may contribute significantly to
the yields of evaporation residues. Any attempt to devel-
op a model for calculating reaction yields should take ac-
count of these incomplete fusion processes.

In the years since Inamura et al.! first identified incom-
plete fusion as a mechanism, considerable work has been
done in clarifying the microscopic nature of the process.
It is now generally accepted that the various incomplete
fusion processes occur for incident partial waves general-
ly higher than those involved in complete fusion, but that
the windows in / space associated with the different pro-
cesses overlap to a considerable extent. Most studies
have been carried out by particle-y coincidence measure-
ments; these enable the detailed mechanism of a particu-
lar process to be established, but may be less useful in
determining absolute cross sections.

In contrast, we have been using radioactive recoil stud-
ies to investigate the cross sections for forming reaction
residues by complete and incomplete fusion.>* For a ra-
dioactive reaction residue, we measure the yield and also
the differential recoil range distribution; in principle this
enables us to determine the absolute contribution to the
yield of each residue from each of the processes present.
Each fusion process forms an excited intermediate, whose
recoil velocity is approximately proportional to the mass
of the fusing particle, so that different fusion processes
form residues with different characteristic recoil veloci-
ties.

In our original study of '>2C+°'V (Ref. 3), the contribu-
tions of the two strong incomplete fusion processes, in-
volving escape of one and two a particles, respectively,
and of complete fusion could be clearly distinguished in
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the recoil distributions for the various residues; from
these the total cross section for each of the two incom-
plete fusion processes was deduced. Over a range of in-
cident energies from just above the Coulomb barrier up
to 100 MeV, it was found that the deduced incomplete
fusion processes accounted for all the observed fast a par-
ticles in the measured inclusive spectra.

A subsequent study of 2°Ne +°*Nb (Ref. 4) showed
breakup of the 2°Ne projectile in a number of different
ways and a variety of different incomplete fusion process-
es in the measured recoil distributions. It was not possi-
ble to separate these processes unambiguously by analysis
of the recoil distributions alone; instead we adopted the
hypothesis that essentially all of the projectile-like frag-
ments observed in the measured inclusive particle spectra
are spectator fragments accompanying incomplete fusion,
and calculated the cross sections and recoil distributions
expected on this basis, using the statistical-mode code
CASCADE (Ref. 5). The results were reasonably consistent
with the measured data, suggesting that this hypothesis is
realistic.

The present paper reports further studies of reactions
on °'V using these techniques. To supplement the reac-
tions of '2C previously studied, we have used the projec-
tiles 10, ?°Ne, 1°N, and '°F. The first two of these may
be considered a particle composites, like 2¢ while the
last two presumably have a more complex cluster struc-
ture. Reactions of these projectiles were all studied at the
same velocity (an incident energy of 6 MeV/nucleon).

II. EXPERIMENTAL METHOD

Beams of 96 MeV '°0, 120 MeV *Ne, 90 MeV °N,
and 115 MeV °F from the Harwell Variable Energy Cy-
clotron were each used for three separate measurements
on vanadium targets, measuring, respectively, the emitted
particle spectra, the cross sections for forming various ra-
dioactive residues, and the differential recoil range distri-
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butions for these residues. The techniques used were
similar to those reported previously,>* and are briefly
summarised following.

A. Particle spectra

The energy spectra of emitted alpha particles, boron,
carbon, nitrogen, oxygen, and fluorine were measured at
a number of laboratory angles between 10° and 150° us-
ing a AE /E telescope of silicon surface-barrier detectors.
A rolled vanadium target of thickness approximately 1
mg/cm? was mounted normal to the beam axis, except
during measurement of spectra close to 90° for which the
target angle was displaced by 15°. The target thickness in
each run was determined by weighing, to an accuracy of
10%. The targets were nominally 99.99% vanadium, but
contained light impurities (principally hydrogen and oxy-
gen) at levels approaching 1 at.%. ‘

An E detector, 3 mm thick, was used with a 15-um-
thick AE detector, except for the portion of the a-particle
spectra above 20 MeV which was measured using a 50-
pum-thick AE detector. In many of the runs, a more com-
plicated telescope consisting of two AE detectors (15 um
and 10 um, respectively) was used; the second AE detec-
tor assisted in discriminating against elastically scattered
beam detected at forward angles. The signals from the
detectors were digitised and stored event-by-event using a
PDP 11/34 computer. Subsequently the data were sorted
into maps of total energy E +AE vs a characteristic par-
ticle identifier, and the total energy spectrum for each
particle type was extracted. No significant yields of ‘He
or of lithium or beryllium isotopes were detected; for ele-
ments above Z =4 the resolution of these measurements
was insufficient to resolve contributions from different
isotopes of the same element.

The measured spectra have been normalised so as to
give the double-differential cross section d*o /dE dQ, in
mb/(MeV sr), using the total beam fluence (measured in
an electrically suppressed Faraday cup mounted behind
the target), the measured target thickness, and the known
detector solid angle (0.38 msr). The absolute normalisa-
tion is thus believed to be accurate to within 10%, but
the relative normalisation of the various spectra within a
given run should be consistent to better than 5%. As an
example of the data, Figs. 1 and 2 show the spectra ob-
tained with the '®0 projectile; the spectra obtained with
the other projectiles are qualitatively similar, although
the number of species detected increases with the Z of the
projectile.

B. Residue cross sections

The absolute cross sections for producing various ra-
dioactive residues were measured by irradiating a thin
vanadium target, backed by a thick aluminium catcher,
and using off-line y-ray spectrometry to determine resi-
due yields. For each irradiation, the target consisted of
approximately 400 ug/cm? of vanadium, evaporated onto
a support of 200 ug/cm? Al; the target was mounted in-
side the Faraday cup with the V layer upstream, and a
further three aluminium foils, each 3 mg/cm? thick, were
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mounted immediately behind the target so as to catch all
of the products recoiling out of the target.

Following irradiation [approximately 20-particle nA
(pnA) for 4 h], the target and catchers were counted to-
gether at a distance of 100 mm from a 15%-efficient
Ge(Li) detector. A continuous sequence of counts was
performed, starting 20 min after the end of irradiation
and continuing for several days. Absolute activities of
the radionuclides present were extracted from the y-ray
spectra, using the computer code GAMANAL (Ref 6) and
the measured efficiency of the detector in this geometry
(known to within 5%). Decay curve analysis was then
used to extract the initial activity value for each product.

(mb / MeV sr)

Yield

(MeV)

Alpha particle energy

FIG. 1. (a) Measured a-particle spectra from reactions of 96
MeV %0 on *'V. The smooth curves show the calculated eva-
porative component, fitted to the data at backward angles. (b)
The fragment component of the a-particle spectra, obtained by
subtracting the curves in Fig. 1(a) from the data.
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FIG. 2. Measured spectra of boron, carbon, and nitrogen fragments from the reactions of 96 MeV '°0 on °'V.

The products studied are listed in Table I with the yrays
used; the branching ratios and half-lives were taken from
the GSI Gamma Catalog.”

Some weeks after the original irradiation, the thickness
of the vanadium layer on each target used was deter-
mined by means of activation analysis, using a 9.15-MeV
proton beam from the Harwell Tandem Accelerator to
generate >'Cr. The amount of *!Cr produced in each tar-
get was measured by y-ray spectrometry, and the known
cross section for the >'V(p,n)’!Cr reaction® was used to
establish the thickness of vanadium present.

TABLE I. Product residues studied, with ¥ rays used in their
determination. CUM indicates that the yield includes any yield
of B-decay precursors formed; in most cases the yield of precur-
sors is predicted to be very small, but has been included in the
modelling.

E, Branching
Nuclide Half-life (keV) ratio (%) Mode
%Ga 93 h 1039 384 CUM
$57Zn 244 d 1115 50.7 CUM
8Zn 38.4 min 670 8.4 CUM
2Zn 9.13 h 597 26.0 CUM
$1Cu 341 h 283 13.1 CUM
0Cu 23.2 min 1333 88.0 CUM
8Co 70.8 d 811 99.4 IND
SCo 2709 d 122 85.6 IND
%Co 78.8 d 847 99.9 IND
>Mn 258 h 847 98.9 CUM
Mn 312.5d 835 100.0 IND

For each of the four original irradiations, this target
thickness was then used, together with the measured
beam fluence, to convert the measured activity values for
the residues into production cross sections. The results
obtained are listed in Table II. The principal uncertainty
arises from the uncertainty in normalisation, due to un-
certainties in target thickness and fluence measurement,
and is estimated at 10%

C. Recoil range distributions

The projected recoil range distributions for the ra-
dioactive residues listed in Table I were measured by irra-
diating a thin vanadium target backed by a stack of thin
aluminium catcher foils, and using off-line y-ray spec-
trometry to determine the distribution of each residue
through the catcher stack. For each irradiation the tar-
get consisted of approximately 100 ug/cm? V evaporated
onto a support of 200 ug/cm? Al; this target was mount-
ed inside the Faraday cup with the vanadium layer down-
stream followed immediately by a stack of 25 thin eva-
porated Al catcher foils, each of thickness between 100
and 200 ug/cm? The thickness of each catcher foil had
been determined prior to use, to an uncertainty of ap-
proximately 5%, by measuring the energy lost by 5.8
MeV a particles from a 2**Cm source in traversing the
foil.

Following each irradiation, the catcher foils were
counted in turn against the face of a 25%-efficient Ge(Li)
detector, at intervals over a period from about 20 min
after irradiation up to several weeks later. The activities
of the nuclides listed in Table I and present in each catch-
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er were extracted from the y-ray spectra, as described in
the preceding section, and the distribution of each resi-
due as a function of depth in the catcher stack was ob-
tained by dividing the measured activity in each catcher
by the measured catcher thickness. The normalisation of
each distribution was taken from the corresponding
cross-section measurement, obtained as described in the
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preceding section.

The recoil range distributions obtained using the four
different projectiles for products from **Mn up are shown
in Figs. 3-6. No recoil distributions are reported for
products lighter than >*Mn, because the data were found
to be contaminated due to activation of *°K, which was
present in small quantities in the catcher foils (probably

TABLE II. Yields of radioactive product residues from the four entrance channels (mb).

ISN + 51V
62.Zn 61Cu 60Cu 58Co 57Co 56Mn 54Mn
Measured 2.6 72 6.8 232 46 12.9 31.8
Modelled
C.F. 1.6 71 11.8 184 61 32 9.4
(®N, a) 15 2.4 4.1 1.5
(**N,®Be) 3.4 2.0
(ISN,HB) 5.5
Totals 1.6 71 11.8 199 63 39.5 18.4
Without ®Be 1.6 71 11.8 214 66 40.2 17.9
160+ SIV
63Zn 627Zn S1Cu 0Cy 58Co Co 6Co *Mn *Mn
Measured 24 13 36 14 73 77 21 2.0 75
Modelled
C.F. 14 20 33 12.2 64 107 27 4.0 48
(1%0,a) 0.2 0.7 2 12 3.6 0.5 5.9
(1%0,*Be) 3 7.6 1.7 0.5 4.6
(*0,!'B) 3.6
(160’12c) 20
Totals 14 20 33 12.9 69 127 32 5.0 82
Without ®Be 14 20 33 13.6 68 131 34 5.0 84
I9F+ SIV
6Zn 637Zn 627Zn e OCu %#Co 1Co S6Mn *Mn
Measured 78 26 7.5 58 1.9 87 12 4.8 33.5
Modelled
CF. 43 14 7.1 92 49 94 14.2 12.0 0.5
(F,a) 0.4 0.4 42 0 17 2.1 3.0 0.4
(*F,®Be) 5 1.4 1.8 1.6
(°F,!'B) 0.2 0.9 0.2 0.9
(¥F,12¢) 1.9 8.6
(°F,15N) 6.9
Totals 66 14.4 7.5 96 4.9 116 18.6 18.9 18.9
Without ®Be 66 14.8 7.9 100 49 128 19.3 20.1 17.7
20NC+ SIV
66Ga GSZn 6JZn 6ZZn 61Cu SBCO 57Co 541\/[n
Measured 39 88 64 11.6 40 47 44 56
Modelled
C.F. 35 80 62 19 40 54 73 12.1
(**Ne,a) 3.8 0.1 5.9 10.7 29 5.9
(*Ne,?Be) 4.0 10.0 14.8 4.3
(**Ne,2C) 1.6 6 5.0
(**Ne,*N) 11.8
(**Ne,'¢0) 36
Totals 35 80 66 19 50 76 123 75
Without *Be 35 80 70 19 52 77 137 77
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as a surface contaminant originating in the detergent
used to release the foils during manufacture)—this mani-
fests itself as a level of activity which continues to the
back of the catcher stack, rather than showing some
maximum range as all products from the target must.
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FIG. 3. Measured recoil range distributions of radioactive
residues from reactions of 90 MeV !N on 'V (solid histo-
grams). The dotted histograms show the modelled distributions
predicted on the basis of complete fusion alone; the dashed his-
tograms show the modelled predictions for the various incom-
plete fusion modes in addition to complete fusion.
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FIG. 4. As Fig. 3, for 96 MeV %0 on °'V.

The same effect is present to a small extent in the *Mn
distribution obtained using the 2°Ne projectile.

III. INTERPRETATION OF RESULTS

A. Summary of the data

The data from these measurements are qualitatively
similar to those obtained in our previous studies of fusion
processes in ?C+3!V (Ref. 3) and *°Ne+**Nb (Ref. 4) re-
actions, and a similar procedure has been followed in
modelling and interpreting the data. Qualitatively, most
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of the measured recoil distributions (Figs. 3—6) are ap-
parently as expected for residues from complete fusion (a
distribution symmetric about the depth to which the
compound nucleus would recoil), but it is evident that
processes other than complete fusion are involved in
forming the residue **Mn in each case. From all four of
the entrance channels, the recoil distribution for this
product has a mean range much shorter than that for
complete fusion; from three out of the four channels this
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FIG. 5. AsFig. 3, for 115 MeV YFon *!V.
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distribution shows a pronounced peak at the range corre-
sponding to fusion of a single a particle with the target.

In Sec. III B, the results expected for the yields and
recoil distributions of the products on the basis of com-
plete fusion alone will be calculated. Comparison with
the data shows reasonable agreement except in the case of
the product **Mn, for which complete fusion predicts
much smaller yields than observed. However, there is
also some indication of other processes contributing to
formation of the products just above **Mn in mass.

The light-particle spectra of species with Z >2 are
characteristic of fragments from projectile breakup.
They peak at an energy corresponding approximately to
beam velocity, and their intensity falls off exponentially
with angle. The spectra for fragments significantly
lighter than the projectile are roughly symmetric about
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FIG. 6. As Fig. 3, for 120 MeV Ne on °'V.
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the beam velocity, but those for fragments close to the
projectile (e.g., the nitrogen spectra in Fig. 2) are distinct-
ly asymmetric, and some include relatively sharp
features.

The a-particle spectra are dominated by a’s evaporat-
ed during the deexcitation process, and have the charac-
teristic Maxwellian energy spectrum. In the centre-of-
mass frame such evaporation spectra must be symmetric
about 90°, but in the laboratory frame the yield is concen-
trated at forward angles (and the spectrum is displaced to
higher energy at forward angles and to lower energy at
backward angles). We have used the statistical-model
code CASCADE (Ref. 5) to calculate the energy spectra of
evaporated a particles expected from the reaction under
consideration. Then we have parametrised their centre-
of-mass angular distribution as

d*o
dEc.m. d Qam.

- 204 €

a -fjb cos“¢p+ sing
and, transforming this distribution into the laboratory
frame, have attempted to fit the parameters a,b,c to the
measured spectra. It is found that satisfactory fits cannot
be achieved, as the measured spectra are too intense at
forward angles. Fitting to the backward-angle spectra
alone results in the fits shown by the smooth curves in
Fig. 1(a), and subtraction of these curves (which represent
the true evaporative part of the spectra) from the mea-
sured spectra reveals the additional component shown in
Fig. 1(b), which is again characteristic of fragments from
projectile breakup. It should be noted that at higher in-
cident energies this second component can be dis-
tinguished in the a-particle spectra without depending on
the modelling process we have described; unfortunately
at 6 MeV/nucleon the peak of the evaporation spectrum
just happens to coincide with beam velocity.

The CASCADE calculations will be discussed further.
Here it is pertinent to note that the intensity of the eva-
porative part of the measured a-particle spectra was in
all cases within 10% of that predicted by CASCADE for
complete fusion.

Thus, significant yields of projectile-like fragments of
various species are observed, characteristic of fragments
from projectile breakup. Integrating the energy spectrum
at each angle, and extrapolating the resulting values for
do /d Q) forward to 0°, one can obtain an estimate for the
total yield of each type of fragment. The values obtained
are listed in Table III; the uncertainty on each of these
values is probably around 20%.

As in a previous paper,* we shall adopt the hypothesis
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that essentially all of these fragments are the spectator
fragments from a binary process of incomplete fusion, in
which the remainder of the projectile fuses completely
with the target nucleus. Starting from this hypothesis,
and a few other assumptions, we shall model the yields
and the shapes of the recoil distributions which would be
expected for the various product residues due to incom-
plete fusion as well as complete fusion, and compare
these with our measured data. It transpires that the resi-
dues which we detected in this study, with the exception
of >*Mn, are not predicted to be strongly populated by in-
complete fusion, so that the results of the modelling, in-
cluding the incomplete fusion processes, are not dramati-
cally different from those for complete fusion alone; nev-
ertheless, the overall agreement with the data is certainly
improved by incorporation of the incomplete fusion pro-
cesses.

B. Modelling: Complete fusion

The residue yields expected from complete fusion for
each of the four entrance channels were calculated using
the code CASCADE (Ref. 5). As in our previous work>*
the fusion cross section for complete fusion was assumed
to be equal to that bounded by the hard grazing partial
wave l,, calculated using the liquid drop potential for-
malism of Wilczynski and Siwek-Wilczynska.® This as-
sumption gave reasonable results for '2C+3'V and
20Ne+?Nb, although it conflicts with the results of other
workers who find, for heavier systems, that this cross sec-
tion encompasses the various incomplete fusion processes
as well as complete fusion.

The parameters used in the CASCADE calculations were
based on the work of Kicinska-Habior et al.,'° who re-
cently published an extensive study of y-ray spectra from
decay of the ®*Cu compound nucleus formed at excitation
energies up to 77.4 MeV, in which they compared the
success of CASCADE calculations using different parame-
ter sets. They used an extended form of the CASCADE
code, incorporating the giant dipole resonance and both
the isoscalar and isovector giant quadrupole resonances;
they found that in order to reproduce their data, they
needed to reduce the level density parameter, a, at high
excitation (the liquid drop region, above 20 MeV) from
the standard value of 4 /8 MeV ~!. We find that we need
the same reduction. The effect of the change is to
enhance the importance of y-ray emission as a deexcita-
tion process; use of the standard level density in the
present work leads to a serious underestimate of the

TABLE III. Total yields (in mb) of detected projectile-like fragments from the various projectiles
[the result obtained using 72 MeV '2C (Ref. 3) is included for comparison].

Projectile 2c BN 150 3 20Ne
a 480 200 180 320 420
B 20 13 12

C 85 80 60 60
N 100 90 50
O 140 150
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yields of the heaviest products, which can only be formed
by complete fusion. Accordingly, we have used the same
code as Kicinska-Habior et al. and have adopted their
parameter set F, which best reproduced their data
(@=A4/9.5 MeV~!, A calculated from Myers droplet
masses without Wigner term, giant-resonance parameters
all as in Ref. 10). However, these calculations appeared
to overestimate the importance of a-particle evaporation;
to improve agreement with our data we have additionally
increased the value of the radius parameter used in calcu-
lating the liquid drop yrast line from the default value of
1.26 to 1.32 fm (it appears that Kicinska-Habior et al.
would not have been particularly sensitive to the value of
this parameter).

This parameter set has been used throughout the
present work. Its use in the calculations for the 2C+5'V
channel, previously published,® improves still further the
good agreement with the data. However, it should be
noted that we have not attempted an extensive investiga-
tion of alternative parameter sets; it is possible that the
agreement with the data could be somewhat improved by
further adjustments to the parameters.

The CASCADE predictions for residue yields from com-
plete fusion are listed in Table II for each of the four en-
trance channels. Comparison with the measured yields in
the same table shows quite good agreement for all the
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products except 3*Mn, whose yield is underestimated in
all cases (and in the case of the '°F channel by almost 2
orders of magnitude) and **Mn, whose yield is overes-
timated by factors of 2 to 2.5. The measured yields of all
the remaining products are within a factor of 2 of the
CASCADE prediction for complete fusion except for the
weak yield of ®°Cu from '°F (1.9 mb instead of the pre-
dicted 4.9 mb), and for the most part are much closer
than this. In general this would be considered good
agreement for such statistical-model calculations, and is
an indication that production of these residues is dom-
inated by complete fusion, and that the parameters used
in the code are appropriate. There is no indication that
the CASCADE predictions are systematically either too
high or too low, indicating that the fusion cross sections
used are approximately correct (this is also supported by
the good agreement found with the total yields of eva-
porated a particles, as mentioned in the preceding sec-
tion).

The shapes of the recoil distributions expected for
these residues, if produced by evaporation following com-
plete fusion, were modelled, by a Monte Carlo approach,
as described previously.>* The modelling process starts
with the compound nucleus recoiling with well-defined
velocity along the beam axis and calculates the distribu-
tion of recoil velocity and angle of a residue formed by a

TABLE IV. Mean recoil ranges of radioactive residue from the four entrance channels (mg/cm? of aluminium).

lSN + SIV
627Zn $1Cu OCu 8Co Co Mn Mn
Measured 1.44 1.45 1.41 1.43 1.42 1.36 1.00
Modelled
C.F. 1.43 1.46 1.44 1.44 1.42 1.45 1.40
Total 1.43 1.46 1.44 1.43 1.42 1.36 1.03
Without ®Be 1.43 1.46 1.44 1.41 1.42 1.38 1.04
160+51V
Zn 27Zn S1Cu OCu %Co Co %Co Mn Mn
Measured 1.47 1.46 1.46 1.40 143 1.37 1.36 1.42 0.90
Modelled
C.F. 1.52 1.50 1.54 1.49 1.50 1.47 1.45 1.52 1.45
Totals 1.52 1.50 1.54 1.48 1.45 1.39 1.41 1.48 1.00
Without *Be 1.52 1.50 1.53 1.46 1.49 1.40 1.41 1.50 1.01
19F+ SlV
65Zn 63Zn 27Zn S1Cu 0Cu %8Co Co Mn *Mn
Measured 1.73 1.66 1.65 1.67 1.66 1.65 1.55 1.39 0.59
Modelled
C.F. 1.74 1.69 1.66 1.69 1.62 1.68 1.64 1.71 1.69
Totals 1.74 1.69 1.64 1.68 1.62 1.63 1.56 1.42 0.67
Without ®Be 1.74 1.69 1.63 1.67 1.62 1.63 1.55 1.44 0.63
0Ne+3'V
66Ga 65Zn GSZn 6ZZn 61Cu SSCO 57C0 54Mn
Measured 1.97 2.02 1.88 1.88 1.88 1.74 1.69 0.96
Modelled
C.F. 1.99 2.00 1.92 1.89 1.92 1.88 1.86 1.85
Totals 1.99 2.00 1.90 1.89 1.80 1.70 1.67 0.78
Without ®Be 1.99 2.00 1.89 1.88 1.75 1.70 0.80

1.83
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specified sequence of particle evaporations, where the en-
ergy of each evaporated particle is given by the appropri-
ate Maxwellian distribution and its angular distribution is
either isotropic (for nucleon evaporation) or somewhat
anisotropic (for a-particle evaporation); the final distribu-
tion of recoil velocities is then converted to a projected
range distribution using a parametrisation of the
range/energy tabulation of Northcliffe and Schilling.'!
These modelled distributions were then normalised to the
yields predicted by CASCADE for complete fusion; the re-
sulting modelled distributions are shown by the dotted
histograms in Figs. 3—-6. Again, with the exception of
the results for **Mn, these appear to be in reasonable
agreement with the measured range distributions,
confirming that production of these residues is dominated
by complete fusion.

The mean depths of the measured and modelled range
distributions are listed in Table IV. Here it can be seen
that, while the modelling reproduces the mean depth for
the heavier residues in all cases to within 50 ug/cm? or
3% (within the experimental uncertainties), the modelled
depths for the lightest residues are all greater than the
corresponding measured values. This effect is of course
most pronounced for the residue **Mn, but is also seen
consistently for **Mn and, except from the lightest pro-
jectile 1°N, for ’Co. This is an indication that processes
such as incomplete fusion contribute, albeit to a small ex-
tent, to formation of these lighter residues.

C. Modelling: Incomplete fusion

Modelling of the incomplete fusion processes present is
based upon the measured spectra of projectile-like frag-

d%c

E —(Ey—k,0—k,6%)

dEdq %P |7g, o,

[ exp

where the parameters E,, k, k,, 0y, ®;, ®,, and o, were
determined by least-squares fitting to the data. Using a
Monte Carlo approach, the corresponding distribution of
excitation energies for the intermediate was calculated
and weighted by the curves calculated using CASCADE, so
as to give finally the expected yields of the various prod-
uct residues from this incomplete fusion process.

In principle, given the assumptions just stated, and ac-
cepting that the parameters of the CASCADE calculation
have already been adjusted so as to reproduce the com-
plete fusion part of the yields, this prescription is all that
is required to predict the absolute yields of the various
residues from the various incomplete fusion processes.

However, two complications affect interpretation of
the measured projectile-like fragment spectra. The first
arises from the technical limitation that our data were
unable to distinguish between different isotopes of heavy
fragments so that we have to make some assumption as to
which isotopes are emitted. For the purpose of all the
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ments. If one assumes that incomplete fusion involves
simple binary fragmentation of the projectile, in which
one fragment (the “spectator”) is emitted in its ground
state while the other fuses completely with the target nu-
cleus, then detecting the energy and angle of emission of
the spectator enables one to deduce not only the velocity
and angle of recoil of the fused intermediate but also its
excitation energy (via the Q value for the reaction). Since
the spectator fragment is emitted with a distribution of
recoil energies and angles, the excited intermediate in
each incomplete fusion process is populated with an ex-
tended distribution of recoil velocities, recoil angles, and
excitation energies; this then provides the starting point
for the second stage of the reaction mechanism, in which
the excited intermediate decays by statistical evaporation.
This decay process may be modelled using a statistical-
model code. In this modelling it is also necessary to
make some assumption concerning the angular momen-
tum imparted to the intermediate, but this can be done
with some confidence since there have now been several
experimental studies of this point.?

The details of the modelling process were, with one ex-
ception, as described in Ref. 4, and are summarized very
briefly here. At 6 MeV/nucleon, fusion of a fragment of
mass m (u) was assumed to populate the fused intermedi-
ate with an angular momentum 2m#. For each possible
fusion mode, CASCADE calculations were performed as a
function of excitation energy with the value of the angu-
lar momentum fixed at this value; from these calculations
one obtained the probabilities of populating the various
residues from each intermediate as a function of excita-
tion energy. The measured projectile-like fragment spec-
tra were then parametrised using the empirical form

’

modelling later discussed, we have made the assumption
that all of the observed boron is !'B, all of the observed
carbon is '2C, and all of the observed nitrogen is °’N. Q-
value arguments suggest that these are the isotopes most
likely to be emitted; however, other isotopes (in particu-
lar "N) are almost certainly present, and will slightly dis-
tort the results obtained.

The second complication is more fundamental and
concerns the possible presence of ®Be as a projectile-like
fragment. Any ®Be emitted will break up into two a par-
ticles before detection, adding to the observed yield of a-
particle fragments. The modelled yields will of course be
somewhat different depending on whether we assume all
the observed a-particle fragments to have been emitted
originally as a’s, or some significant proportion of them
to be attributable to ®Be emission. In our study of '2C on
31y, where it was possible to distinguish the contributions
of the two incomplete fusion processes explicitly in the
recoil distribution, it was found that, at 6 MeV/nucleon,

[ E+(E,—k,6—k,0%

@;

+ exp
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approximately half of the observed a-particle fragments
in fact arose from ®Be (since each ®Be gives rise to two a
particles, this means that the cross section for 8Be emis-
sion was half that for a-particle emission). A similar ra-
tio is predicted for all these entrance channels by the sum
rule model of Wilczynski et al.,'?> which will be briefly
discussed in Sec. III D. Accordingly, we have carried out
our modelling under the assumption that half of the
detected a particles are truly the original spectator frag-
ments from incomplete fusion, while the other half are
decay products arising from ®Be spectators having twice
the energy and half the yield. In the results which follow,
we also present the corresponding values assuming no
8Be emission at all.

For each of the various incomplete fusion processes
corresponding to detected spectator fragments, the pre-
dicted contributions to the yields of the residues studied
are listed in Table II, under the yields predicted from
complete fusion. The total yield predicted from all these
processes should be compared in each case with the mea-
sured yield. It can be seen that for the residue >Mn,
whereas complete fusion alone was totally unable to ac-
count for the observed yields, the combination of com-
plete fusion and the various modelled incomplete fusion
processes reproduces the observed yield to within a factor
of 2 for each of the four entrance channels. For some of
the other residues, inclusion of the modelled incomplete
fusion yields slightly worsens the agreement with the
data; nevertheless, with the exception of production of
%6Mn, which is overestimated in all cases by a factor be-
tween 2.5 and 4, and production of *’Co from 2°Ne (123
mb rather than the 44 mb observed), all of the modelled
yields are still within a factor of 2 of the observed yield,
which would generally be considered good agreement for
such calculations.

Table II also lists the yields modelled ignoring the pos-
sibility of ®Be emission and assuming that all the ob-
served a-particle fragments should be treated as primary
spectators. Overall, the agreement with the data is
perhaps slightly worse in this case, but the difference is
hardly significant.

More detailed evidence for the contributions of the in-
complete fusion processes comes from modelling their
contributions to the recoil distributions. The same
Monte Carlo approach described in Sec. III B was used
for this, but instead of taking the starting point as the
compound nucleus recoiling with fixed velocity and exci-
tation energy, each simulation started with the relevant
incomplete fusion intermediate with the distribution of
recoil velocities, angles, and excitation energies obtained
from the distributions of the corresponding spectator, as
previously described. An important point arises here.
Ideally, the recoil distribution should be calculated in the
course of the full statistical-model calculation of the de-
cay of the intermediate, but this was not practicable and
S0, as described already, we calculated the recoil distribu-
tion separately and used CASCADE to predict the yield.
For complete fusion, this separation is perfectly allow-
able, since all recoils start with the same velocity and ex-
citation energy, but following incomplete fusion the
recoil velocity and excitation intermediate is related to its

2265

excitation energy, which in turn affects what the final
residue will be. Thus, from the same incomplete fusion
process, different residues are formed predominantly
from different parts of the initial distribution of the
recoiling intermediate and will thus have different mean
ranges (products requiring a large number of evaporation
steps and hence a large initial excitation energy come on
average from deeper in the range distribution). This
effect is taken account of rather crudely in the present
Monte Carlo calculations by keeping track at each stage
of the excitation energy remaining (accounting for the
binding energy and kinetic energy carried away by each
evaporated particle) and only including in the construc-
tion of the final range distribution simulations which
leave the final residue within a specified span of excitation
energy. In previous studies®* we have specified this to be
the span 0—12 MeV (the evaporation sequence must be
energetically possible and leave the final residue with less
than 12 MeV of excitation energy). However, this takes
no account of deexcitation by emission of y rays, which
we have already assumed to be an important process in
these reactions. Instead, we specify the final excitation
span for each residue as Ey —8 to Ey+8 MeV, where
Ey, the mean energy carried away by y-ray emission in
formation of this particular product by this evaporation
route, is obtained by comparing the excitation energy at
which the CASCADE calculations for this process predict
the yield of this residue to be at its maximum with the
amount of energy typically absorbed by the evaporated
particles’ binding energies and kinetic energies.

The recoil distributions obtained by superimposing the
modelled contributions of the various incomplete fusion
processes on the modelled distributions from complete
fusion are shown by the dashed histograms in Figs. 3-6.
Their means are listed in Table IV.

The agreement with the measured means is satisfacto-
ry, and significantly better than that obtained assuming
complete fusion alone. Only three cases (all involving
production of **Mn) now disagree by more than 6%, and
in most cases the agreement is much better than this. It
is perhaps significant that the calculated values for the
160431V entrance channel are all higher than the data,
by an amount ranging from 20 to 80 ug/cm? for the
products heavier than **Mn (and by 100 ug/cm? in the
case of >*Mn); this may reflect a small systematic experi-
mental effect in the data from this channel. From the
remaining entrance channels, if we exclude production of
>Mn, only one of the 21 calculated values differs from
the observed value by more than 3% (the value for ¢'Cu
from ?°Ne is 4.5% lower than observed), which is impres-
sive agreement.

The calculated values for the product **Mn agree much
better with the observed values than those calculated ex-
cluding incomplete fusion, being within 100 pug/cm? of
the observed values except for the 2°Ne channel; this last
discrepancy is not significant since these data are known
to be contaminated by **Mn produced by reactions on
potassium in the catcher stack, which will artificially in-
crease the measured mean range. In several cases the
agreement is significantly worse, though still acceptable,
if the possibility of ®Be emission is ignored.
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It should also be noted that in several cases the agree-
ment with the shape of the measured recoil distribution
would be significantly worsened if the effect of y-ray
emission, discussed above, were neglected. This ap-
parently confirms that this emission is occurring.

It thus appears from consideration of the mean ranges
that, even in those cases where incorporation of the in-
complete fusion contributions made the discrepancy be-
tween the modelled and measured values for the total
yield worse, incomplete fusion processes are involved at
approximately the level assumed here, and that the
discrepancy in modelling the total yields is attributable to
shortcomings in the CASCADE calculations, which may
overestimate or underestimate the contribution to forma-
tion of a specified residue by up to a factor of 2. Even in
those cases where the total yield is incorrectly predicted,
the shape of the recoil distribution is much better repro-
duced when the incomplete fusion processes are included
than assuming complete fusion alone (as an example, see
the case of production of **Mn from °F). The fact that
yields of *Mn are consistently overestimated suggests
that the level densities used for this nuclide may be er-
roneous.

However, it must be emphasised that incomplete fusion
apparently makes a major contribution to formation of
only one of the residues studied in this work, **Mn. The
real test of our approach is thus how well it reproduces
the observed recoil distributions for this nuclide. When
we look at these in detail (Figs. 3—6) we find mixed suc-
cess. That from %0 is reproduced extremely well. For
the other entrance channels, the detailed agreement is
less good, but, loosely speaking, the modelled distribu-
tions can be said to agree with the measured distribution
at each point to within approximately a factor of 2.
Remembering that each modelled *Mn distribution is
composed of between 4 and 6 superimposed distributions,
each normalised using a CASCADE calculation whose re-
sult may be in error by up to a factor of 2, the agreement
with the data must be regarded as reasonable.

Summarising these results, within the limitations of the
statistical-model calculations, modelling based on the hy-
pothesis that all of the observed projectile-like fragments
are spectator fragments accompanying incomplete fusion
does consistently reproduce the data, and significantly
better than modelling of complete fusion alone. Howev-
er, the data are not sufficiently sensitive or complete to
enable us to conclude whether this hypothesis (for which
there was stronger evidence in earlier studies) is actually
true in detail.

D. The sum-rule model of incomplete fusion

In 1980 Wilczynski et al.!? proposed a simple semi-
empirical sum-rule model which has apparently had con-
siderable success in predicting the total cross sections for
the different possible incomplete fusion modes for a given
projectile/target entrance channel. This is based on a
picture in which for each possible fusion mode fusion be-
comes unfavourable when the angular momentum of the
fusing particle becomes so large that the net potential at
the point of contact with the target is no longer attrac-

D. J. PARKER, J. J. HOGAN, AND J. ASHER 39

tive. In incomplete fusion the angular momentum of the
incident projectile is shared between the two fragments
roughly in proportion to their masses; for a given bom-
barding energy, as the incident angular momentum is in-
creased, fusion of heavier fragments will become impossi-
ble and fusion of lighter fragments will take over. This
overall picture is now generally accepted. The sum-rule
model further supposed that all of these fusion processes
extend in / space up to the hard grazing partial wave, /,,
calculated using some simple potential, and that above [,
no fusion takes place. Below /,, competition between the
possible fusion modes is also influenced by their respec-
tive ground-state Q values, to an extent depending on an
empirical temperature parameter.

Following our assumption that the yields of fragments
listed in Table III are in fact the total cross sections for
the corresponding incomplete fusion modes, we have at-
tempted to reproduce these using the sum-rule model.
However, taking the value of /, from the liquid drop po-
tential of Wilczynski'® using point-charge Coulomb po-
tentials, as recommended by Wilczynski et al.,'? anoma-
lously small values were predicted for the complete fusion
cross section and essentially no incomplete fusion at these
energies. Use of Wilczynski and Siwek-Wilczynska’s
more realistic Coulomb potential inside the nucleus’ gave
larger fusion cross sections, but still very little incomplete
fusion (these were the values used for the fusion cross sec-
tion for complete fusion in the CASCADE calculations re-
ported above). In order to get the model to predict
significant yields for incomplete fusion, it was necessary
to increase the value of /, by a further 10%. Then use of
the original sum-rule parameters of Wilczynski er al.'?
(T' =3 MeV, A=2, R.=2 fm) showed some prospect of
agreement with our data. Reducing A to 1.5 gave quite
reasonable agreement with the cross sections listed in
Table ITI—in all cases the predicted yields were within a
factor of 2 of our observed yields.

If, therefore, we accept that our data do indicate that
incomplete fusion processes are present at something ap-
proaching these levels, we must conclude, within the
framework of the sum-rule model, that the various fusion
processes extend to partial waves significantly higher
than the conventional hard grazing wave. We have pre-
viously reported the same conclusion in studies of '2C on
51V and **Ne on °*Nb, and this would suggest that the
sum-rule picture, which was developed for somewhat
heavier systems, may need to be modified in this regard
when applied to medium mass systems. If one extends
the span of partial waves included by this means, it is
probably still possible to account for the observed cross
sections within the remainder of the sum-rule formalism.

IV. CONCLUSIONS

The inclusive light particle spectra measured from the
reactions of 6 MeV/nucleon 2C, 190, °Ne, I°N, and '°F
with a 'V target show significant yields of various species
characteristic of fragments arising from projectile break-
up, emitted at forward angles with velocities close to the
beam velocity. One possible explanation for these frag-
ments is that they are the spectator fragments associated
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with various incomplete fusion processes, though conven-
tional models of incomplete fusion would not predict this
to be very important for these systems at such a low ener-
gy-
In order to investigate the importance of incomplete
fusion in these reactions we have measured residue cross
sections and recoil range distributions for a number of ra-
dioactive product residues, and compared these with the
predictions of a statistical-model calculation of complete
fusion. These calculations reproduce the residue yields
and recoil distributions for all the heavier residues fairly
well, but notably fail to account for the production of the
residue >*Mn. It is clear that incomplete fusion process-
es, and in particular the process in which a single a parti-
cle fuses with the target, are largely responsible for for-
mation of this product. This result is somewhat at vari-
ance with the predictions of the sum-rule model of in-
complete fusion,!? which supposes that fusion of a single
a particle will only become important for partial waves
above those involved in other incomplete fusion process-
es, and therefore that this fusion mode will only appear at
significantly higher incident energies.

We have investigated the possibility that essentially all
of the observed projectile breakup fragments are indeed
spectator fragments associated with incomplete fusion, by
calculating the yields and recoil distributions expected on
this basis for the various observed residues. The results
are consistent with all of the measured data—essentially
all of the residue yields are reproduced to within a factor
2, and the mean ranges to within 5%; the shapes of the
recoil distribution are also well reproduced. The data are
thus consistent with the hypothesis that all of the ob-
served projectile-like fragments arise from incomplete
fusion, though the present data do not provide a very
strong test of this hypothesis, as the residues studied,
with the exception of **Mn, do not include those which
are predicted to be most influenced by incomplete fusion
processes. Much stronger evidence in favour of this hy-

2267

pothesis was found at similar incident energies in our ear-
lier studies of ’C+°'V (Ref. 3) and *°Ne+"’Nb (Ref. 4).

It is therefore suggested that the measured fragment
yields listed in Table III represent the cross sections for
the various incomplete fusion processes in these reac-
tions. Certainly the cross sections for the process in
which a single a particle fuses with the target are approx-
imately as implied by the yields of (projectile-a) frag-
ments. We have briefly investigated how the sum-rule
model'? would have to be modified to reproduce these in-
complete fusion cross sections; it appears that quite good
agreement can be achieved, if the range of partial waves
contributing to fusionlike processes is increased by ap-
proximately 10% over that assumed in the original for-
mulation of the sum rule model. This corresponds to an
extension of the model rather than a change to its philo-
sophy, and may reflect the fact that the systems studied
in the present work are somewhat lighter than those for
which the model was developed. It is interesting to note
that the sum-rule description almost inevitably implies
that if the single a-particle fusion process is occurring at
the observed levels, then other incomplete fusion process-
es must be present at approximately the levels implied by
the yields in Table III.
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