PHYSICAL REVIEW C

VOLUME 44, NUMBER 4

OCTOBER 1991

Recoil range study of complete and incomplete fusion of C with Au at 10 MeV /nucleon

D. J. Parker,''* P. Vergani,'® E. Gadioli,'” J. J. Hogan,®’ F. Vettore,'?’ E. Gadioli-Erba,?’
E. Fabrici,'”’ and M. Galmarini'?’
U Nuclear Physics and Instrumentation Division, Harwell Laboratory, Oxfordshire OX11 ORA, United Kingdom
2 Dipartimento di Fisica, Universita di Milano, Milano, Italy
and Istituto Nazionale di Fisica Nucleare, 20133 Milano, Italy
3 Department of Chemistry, McGill University, Montreal, Quebec, Canada H3A 2K6
(Received 7 May 1991)

Cross sections and differential recoil range distributions have been measured for 22 spallation prod-
ucts formed in the interaction of 120 MeV '2C with '’ Au. A Monte Carlo code has been produced that
accounts for complete fusion as well as the transfer of « particles and ®Be. The results of the calculation
compare very well with the experimental data. Incomplete fusion is found to account for more than
one-half of nonfission events, and preequilibrium emission of fast nucleons is essential to a full descrip-

tion of the reaction.

I. INTRODUCTION

At incident energies from the Coulomb barrier to
about 10 MeV/nucleon, the system 2C+!*’Au has been
studied for more than 30 years. When the Berkeley
HILAC opened, Gordon et al. [1] measured the fission
cross section, angular distribution, and average Kkinetic
energy of the fission fragments, assuming the reaction
mechanism to be formation of a compound nucleus.
They noted evidence, however, “for the emission of
several particles” preceding the fission. Thomas et al. [2]
then measured cross sections for astatine spallation prod-
ucts, again assuming compound nucleus formation fol-
lowed by neutron evaporation, but noting the presence of
competition from ‘‘charged particle evaporation.”
Twelve years later this work was greatly extended by
Bimbot, Lefort, and Simon [3] and Stickler and Hofs-
tetter [4]. In the first of many papers measuring fission
fragment angular correlations, Sikkeland and Viola [5]
noted that effectively almost all fissions occur following
complete fusion.

The emission of a particles in the forward direction
from these reactions had been known since the work of
Britt and Quinton [6]. In 1972 Bimbot, Gardes, and
Rivet [7] reported recoil measurements of spallation resi-
dues from the >C+'"7Au reaction at energies up to 90
MeV, which suggested that essentially all of these fast a
particles were projectile fragments accompanying one or
two alpha transfers from projectile to target, followed by
spallation. Bimbot, Gardes, and Rivet measured excita-
tion functions, angular distributions, and recoil ranges of
seven T1 and Bi reaction products, attributable to transfer
of an alpha particle and ®Be, respectively, to the target,
and were able to estimate the total cross section for each
of the transfer processes as a function of energy. At 89
MeV they deduced a cross section for ®Be transfer of
about 130 mb; alpha transfer was clearly also significant,
but their estimate of 85 mb was regarded as an upper lim-
it.

This was perhaps the first clear evidence for the pro-
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cess subsequently termed incomplete fusion, the nature of
which was later established in particle-gamma coin-
cidence studies of the “N+1!Tb reaction by Inamura
et al. [8]. It is now clear that incomplete fusion occurs
for incident partial waves somewhat higher than those
principally involved in complete fusion and can be
thought of as a process in which the projectile breaks up
near the surface of the target nucleus into two fragments,
one of which escapes with relatively unchanged velocity,
while the other fuses with the target to form an excited
intermediate, which subsequently deexcites by particle
evaporation in the usual way. However, systematic quan-
titative measurements of cross sections are rare.

Differential recoil studies are particularly attractive for
studying these transfer processes. Even when a single re-
action product is produced via several mechanisms, the
linear momentum transfer is a signature of the interac-
tion of projectile and target. Parker et al. [9] have shown
that a differential range distribution may be decomposed
to evaluate the extent of a variety of mechanisms.

In recent years this method has been used in studies of
complete and incomplete fusion at energies from 60 to
150 MeV. These include '2C on *'V [9], 2°Ne and ?Ne on
%Nb [10,11], and the fissioning systems '°0O and '?C on
238 [12-14]. These data have been analyzed in terms of
competing transfer reactions (and, where necessary,
direct reactions and fission). For '>C there are three
dominant processes: complete fusion, 8Be transfer, and a
transfer. For '>C on °'V, Parker et al. [9] showed that
effectively all of the cross section could be accounted for
by these three processes up to an energy of 100 MeV and
that, in turn, the yield of alpha particles in the reaction
was accounted for by evaporation, alphas from decay of
8Be following alpha transfer, and alphas of near beam ve-
locity accompanying ®Be transfer.

At the same time, Gadioli et al. [15] extended the exci-
ton Omega code [16] for alpha-particle-induced reactions
to calculate the kinematics and linear momentum
transfer, and hence the differential range distribution of
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spallation products in a-particle-induced reactions, and
applied it successfully to the reaction a+>°Co (of interest
because it yields the same compound system as 2C+°1V),
It remained then to extend these calculations to the case
of multiple cluster transfer from light-ion-induced reac-
tions, which is the purpose of this work.

We report a twofold approach to the problem: experi-
mental measurements of the '*C+!°’Au system at 10
MeV /nucleon and the development of a method of calcu-
lation for alpha cluster transfer reactions. We have mea-
sured the cross sections and differential range distribu-
tions of 22 spallation products. These data were then
used to prepare a calculation of 'C breakup and transfer
from the projectile to the target. In addition to experi-
mental detail and a full description of the model, we will
demonstrate several conclusions:

(1) Incomplete fusion processes at these energies are by
no means negligible, even for heavy targets with substan-
tial Coulomb barriers. We find incomplete fusion events
represent approximately 20% of the reaction cross sec-
tion, including more than half of all nonfission events (ap-
proximately 2 of the reaction cross section goes to fission,
apparently nearly all following complete fusion).

(2) In order to account for the experimental data, it is
essential to include preequilibrium emission from the
complete fusion nucleus. Once again, this is not a negli-
gible component; we estimate that, on the average, 0.61
neutron and 0.27 proton are emitted per event prior to
equilibrium. Preequilibrium emission of charged parti-
cles is necessary, for example, to account for production
of Po isotopes with full momentum transfer.

(3) As has been observed by a variety of authors
[7,9,17-19] using several experimental techniques and
theories, the transfer of ®Be to the target is more impor-
tant than that of a single a particle. Although this is not
a surprising result, it must be viewed in the light of the
extensive work on fission fragment angular correlations
of Viola and co-workers [5,20,21], which seems to indi-
cate that the fission channel is populated mainly by com-
pete fusion and single alpha transfer, an approach we
ourselves have been successful with in fission studies
[13,14]. It remains unclear why spallation stems from, in
addition to complete fusion, a and ®Be transfer with the
latter more important, while fission channels seem to tap
principally the complete fusion and alpha transfer chan-
nels.

II. EXPERIMENTAL PROCEDURE AND RESULTS

Two types of experiment were performed in the exter-
nal beam of the Variable Energy Cyclotron (VEC) of the
U.K. Atomic Energy Authority (Harwell), using 120-
MeV !2C ions. These were incident upon Au targets with
downstream Al catchers arranged in different geometries.
The first experiment measured the production cross sec-
tions and, the second, the differential range distributions.

A. Cross sections

Two separate irradiations were performed, lasting 14
and 200 min, designed to detect the shorter- and longer-
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TABLE I. Radioactive properties of residues measured.

Half-life Yy ray Branching
Nuclide (h) (keV) ratio (%)
204po 3.53 270.1 28.1
884.0 30.3
1016.3 24.4
203pg 0.612 893.5 19.0
908.6 56.0
1090.9 19.6
202pg 0.75 165.7 8.6
688.6 50.0
204B; 11.2 374.7 81.0
899.2 98.5
984.0 58.0
203g4 11.76 820.2 29.6
825.2 14.6
896.9 13.1
1847.3 11.5
202; 1.72 422.1 83.7
657.5 60.6
960.7 99.3
201B;e 1.80 629.1 24.3
200B;8 0.61 419.8 91.0
462.3 98.0
1026.5 100.0
203pp 51.8 279.2 80.1
202ppm 3.53 422.1 85.5
960.7 91.4
201pp 9.33 331.2 78.7
361.2 9.7
200pp, 21.5 147.6 37.7
257.2 4.5
268.4 4.0
199Pb 1.5 3534 13.9
1135.0 11.5
198pp 2.4 173.4 24.0
290.3 18.0
365.4 19.0
382.0 7.0
865.3 8.0
197ppm 0.74 385.8 73.2
2017y 73.0 167.4 10.6
20071 26.1 367.9 87.2
579.3 13.8
1205.7 29.9
199771 7.4 208.2 12.2
455.5 12.3
198ym 1.87 282.8 28.0
587.2 51.0
636.7 55.0
198118 5.3 411.8 81.8
636.7 10.1
675.9 10.9
19718 2.84 152.2 7.23
425.8 12.8
196m 1.4 695.4 41.0
19%6Au 148.3 333.0 22.9
355.7 86.9
426.1 7.20
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lived nuclides. The target in each case consisted of a lay-
er of .gold evaporated onto a thick (relative to the range
of spallation products) aluminum backing. The thickness
of the gold layer, measured by Rutherford backscattering
with the a beam of the Harwell van de Graaf accelerator,
was determined to be (3.24+0.08)X10'® and (3.06
+0.08) X 10'® atoms/cm? in the two targets. Each target
was mounted with the gold layer upstream inside an elec-
trically suppressed Faraday cup and irradiated at a beam
current of 300 nA. The beam intensity was monitored as
a function of time during the irradiation.

Immediately after irradiation the target, including the
backing, was removed and mounted 150 mm from the
casing of a 25%-efficient Ge(Li) detector, which had been
calibrated for energy and efficiency. Gamma-ray spectra
of increasing duration were recorded over a period of
several days. The GAMANAL code [22] was used to find
and integrate the peaks in the spectra obtained. After
correction for the absolute efficiency of the detector, de-
cay curve analysis was performed on the peaks of interest
(listed in Table I) to obtain production cross sections.
The half-lives and branching ratios, listed in the table,
were taken from the Gesellschaft fiir Schwerionen-
forschung mbH (GSI) compilation [23], with the excep-
tion of the branching ratios for the decay of !°Pb, which
were taken from the table of isotopes of Ref. [24] because
the ratio of y-ray intensities in our data was much more
consistent with those than with the GSI values. In cases
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where the yield of the same nuclide could be determined
from several different y-ray lines or from both the short
and long experiment, the results obtained from the
different sources were in good agreement.

A complication of this work is that most of the nu-
clides detected include substantial contributions to their
yield due to feeding by shorter-lived precursors. In most
cases the half-lives of the precursors are too short for this
feeding to be directly observable (although considerable
feeding occurred during the 200-min irradiation), so that
the yields of the precursors could not be separately
quantified, and the measured activity of the observed
daughter must be taken to include the yield of the precur-
sors. On the other hand, the half-life of the precursor is
not in general short enough to be negligible. Under these
conditions standard decay curve analysis leads to a de-
duced cross section equal to op+[Ap/(Ap—Ap)]op,
where o, and op are the true cross sections for produc-
tion of the detected daughter and precursor, respectively,
and Ap and Ap are their decay constants. This formula
can also be extended to the case where the detected nu-
clide contains a contribution due to several-stage feeding
from a grandparent. We list in Table II, for each detect-
ed nuclide, the measured cross section as well as the con-
tributions to its yield due to these feeding processes. In
cases where feeding from precursors occurs, the tabulated
cross section represents a complicated weighted sum of
the production cross sections for the observed product

TABLE II. Cross section and precursor contributions for measured nuclides.

Residue Contribution to nuclide production Cross section (mb)
W4po 204po+204At 6.7£0.7
204Bj 204Bi+ 1.462%Po+ 1.4°%At 7.6+0.4
W03pg 203po+0.88203At 30+1
203g4 203Bi + 1.042%Po +0.692At 41+£5
203pp 203Pb 4 1.2923Bi + 1.29%%Po +0.89%At 73+3
02pg 02po+0.91202At 140+38
202Bj 202Bi 4 1.72202Po + 1.5122At 280£15
01 201Bi8 4 1.145%°1Pos + 1.1412°'Po™ +0.33%1 At 100+30
0ipy 201pp+1.12201Bi™

+1.24%°'Bif 4 1.25%'Pos +1.23%°'Po” + 0.36°°1 At 150+£5
2017y 21T+ 1.14*°'Pb+ 1.16*°'Bi8 ™™

+1.16%°1Po8 ™ +0.33°1At 140+7
W00pg 200po +0.52%At 11+£5
200B; 2008 4 1.262°P0+ 0.6°®At +0.0592% At 111£7
200pp 200pp + 1.032®Bi +0.89°®Po + 0.422P At +0.0442% At 16020
199B; 199Bi 4 1.1'Pos+0.72!Po™ +0.422 At 120£15
199pp 199Pb +1.43'°Bi+ 1.34!%P0f 4 0.64!*°Po™ +0.482° At 150+20
199711 9971+ 1.25"°Pb + 1.33!*Bi+ 0.81'°Po™ + 1.17'9Po?

+0.015%%Po+0.412%At 199+£10
198pp 198pb + 1.09'*Bi+0.33!%*Po + 0.032°2Po +0.172%2At 45110
198718 198718+ 0.68'°T1" + 1.83'9*Pb+ 1.83'%®Bi +0.55'%%Po

+0.036*2Po +0.2722At 134£7
198 m independent yield 6614
197ppm 97Pb™ +1.247Bi 4 0.91%°' At +0.0372°! Po™ +0.025%°! Po# 48+3
19771 ¥IT14-1.3317Pb+ 1.4'97Bi+0.992°! At 17610
197THg™ independent yield 36+2
196 independent yield 16.5+5
196 A0 independent yield 145+10
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and its precursors. While this may appear to be a quanti-
ty lacking in physical significance, it is, nevertheless, the
measured quantity and the only absolute value obtain-
able. These cross sections and corresponding recoil dis-
tributions will, in succeeding sections, be compared with
the values calculated from the proposed model which
represent the same weighted sums as listed in Table II.

B. Range distributions

The recoil range distributions of the 22 nuclides listed
in Table I were measured by irradiating a thin gold target
backed by a stack of thin aluminum catchers. The target
consisted of about 50 pg/cm? of gold evaporated onto Al
of thickness 100 pg/cm?. The catcher stack used to
define the differential range measurements comprised 18
self-supporting foils of Al, each 40 ug/cm? thick, mount-
ed immediately behind the target. The thickness of each
catcher foil was determined to an accuracy of 5% by
measuring the energy lost by 5.8-MeV alpha particles
from 2**Cm in traversing the foil. The whole of the target
assembly was mounted inside an electrically suppressed
Faraday cup. The target assembly was irradiated for a
period in excess of 6 h at an average beam intensity of
225 nA, corresponding to an integrated beam of 5X 10'°
particles.

After irradiation the target and each of the catcher
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FIG. 1. Experimental (solid line) and calculated (dashed line)
histograms of the differential recoil range distributions for Po
isotopes.
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foils was counted over a period of several weeks on the
face of one of two 25%-efficient Ge(Li) detectors whose
energy calibration and absolute efficiency were known.
The resulting y-ray spectra were then analyzed using the
same procedures as described above.

The recoil range distribution for each nuclide was then
obtained by dividing the yield in each foil by the thick-
ness of that foil, with a correction applied for the relative
efficiencies of the two detectors used. This distribution
for each nuclide was then normalized to the total produc-
tion cross section of that nuclide, measured as described
above.

The recoiling residual nuclei (from complete fusion or
incomplete fusion) lose energy when passing through the
50-ug/cm? Au target; therefore, the experimental ranges
are smeared by an amount corresponding to that thick-
ness of aluminum producing the same energy loss as 50
ug/cm? of gold. From the range-energy tables of
Northcliffe and Schilling [25], it is easy to show that the
smearing of the range of a nuclide produced by complete
fusion is about 10 pg/cm?, for a ®Be transfer about 7
pug/cm?, and for a transfer 4 pg/cm?. In each case this
represents about 3% of the measured range. The experi-
mental range distributions for Po, Bi, Pb, and TI are
shown in Figs. 1-4, respectively, as the solid-line histo-
grams.

III. THEORETICAL CALCULATIONS

Examination of the experimental recoil range distribu-
tions immediately reveals the presence of at least three
different contributing mechanisms producing residues
with different average ranges: one at about 350 ug/cm?,
one at about 200 ug/cm?, and one at about 50-100
ug/cm?. A closer inspection, considering only the in-
dependent yields which contribute to the measured distri-
butions, indicates that the At and Po isotopes have the
maximum observed average range, the Bi and Pb isotopes
have mostly the intermediate average range, and the Tl
isotopes have the smallest average range. The apparent
explanation of these findings consists in assuming that the
three mechanisms essentially correspond to the complete
fusion of the projectile with the target, to the incomplete
fusion of a Be or two a’s with the target, and finally to
the fusion of a single a particle with the target. This hy-
pothesis is based on the fact that these three mechanisms
would produce residues with the observed average recoil
ranges. In addition, the theoretical calculations indicate
that even accounting for preequilibrium emission of pro-
tons and evaporation of either protons or a particles it
would be difficult to explain, by assuming only oc-
currence of complete fusion processes, the quite sizable
cross section for production of Bi, Pb, and TI isotopes
one observes. Previous investigations [7,9,17] also indi-
cated the necessity of the two incomplete fusion processes
to explain the production of residues with charge smaller
by more than one unit than the charge of the compound
nucleus produced in the complete fusion process; howev-
er, observation of the recoil distribution of the residues
produced seems to constitute a more direct proof of these
processes.
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We have developed a code to reproduce the present
data in terms of contributions from three distinct pro-
cesses: complete fusion, ®Be transfer, and a-particle
transfer. These calculations are discussed in the follow-
ing sections.

A. Complete fusion

The yields of the isotopes which contribute to the com-
plete fusion component of the observed recoil distribu-
tions were initially calculated assuming that the com-
pound nucleus 2®At would deexcite only by evaporation
and fission. The calculation is described later; however,
we may anticipate that using average level-density pa-
rameters from the Fermi-gas model [a = 4 /8 (MeV ™ 1)],
realistic inverse cross sections for nuclei in this mass re-
gion (in our code we use semiclassical expressions [26]
with parameters that reproduce the values of the inverse
cross sections calculated by the optical model at an ener-
gy of about 20—-30 MeV), the experimental binding ener-
gies from Wapstra and Audi [27], and pairing energies
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from Nemirovski and Adamchuck [28], we could not ob-
tain a reasonable reproduction of all the measured distri-
butions.

Shell corrections to the level-density parameters do not
suffice to remove these discrepancies. We assumed that
this correction should be considered for nuclei within 4
units of Z=82 or N=126 closed shell and below 20 MeV
of excitation energy, where the level-density parameter
was considerably reduced. This reduction was estimated
from the known a from slow neutron resonance spacing,
assuming that the shell correction should disappear
above 20 MeV of excitation energy. A few examples of
the discrepancies between the experimental data and the
theoretical calculations are shown in Fig. 5.

A very reasonable reproduction of all the data could be
obtained by allowing for the preequilibrium emission of
fast neutrons or protons, however. The average number
of these preequilibrium neutrons and protons and their
spectra were evaluated by solving a set of Boltzmann
master equations as described by Fabrici et al. [29] (using
the same parameters, the only difference being the bind-
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FIG. 2. Asin Fig. 1, for the Bi isotopes.
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ing energies appropriate to the case here considered). We
estimated that the average multiplicity of these preequili-
brium particles is equal to 0.61 for the neutrons and 0.27
for the protons. To take into account the possibility of
these emissions, we modified the code described by
Gadioli et al. [15,30] by replacing the part which evalu-
ates the probability of preequilibrium emission (that in
the original version was based on the exciton model) with
a new one where the probability of emission of a fast neu-
tron or proton is estimated by equating the probability of
emission of these particles to the calculated average mul-
tiplicities and estimating their energy using the calculated
spectra and the extraction of random numbers as de-
scribed by Dostrovsky, Fraenkel, and Friedlander [26].

J
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B. Incomplete fusion

To evaluate the energy distributions of the nuclei pro-
duced in the incomplete fusion processes, we schematized
this process as an elastic breakup of the projectile fol-
lowed by the absorption of one of the fragments by the
target nucleus.

To evaluate the energy and angular distribution for the
emitted fragment, we adopted the following procedure.
The incident projectile P was assumed to be slowed by
the Coulomb barrier between the projectile and target.
The remaining energy Ep was divided between the two
fragments using the Serber approximation [31] generaliz-
ing the expression given by Matsuoka et al. [32]:
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FIG. 3. Asin Fig. 1, for the Pb isotopes.
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where it is the fragment @ which flies away and the frag-
ment b which fuses with the target, E, and E, are their
kinetic energies, B is the binding energy of ¢ and b in P,
u is the reduced mass of the system a +b, mp, m,, and
m, are the masses of P, a, and b, and 0 is the emission an-
gle of a with respect to the direction of P. Finally, the
emitted fragment is accelerated by the Coulomb field of
the nucleus after absorption of the complementary frag-
ment.

This procedure is certainly very approximate; in fact,
at such low incident energies one should expect consider-
able distortions of the incident projectile and emitted
fragment wave functions. However, this simple pro-
cedure allows reproduction of the fragment spectra
sufficiently accurately for our purposes. This is shown in
Fig. 6 for the case of a similar reaction at comparable en-
ergy (C fragments emitted in the breakup to 2°Ne ions
bombarding **Nb at 148 MeV incident energy [11]).

Once the probability of emission of the fragment, as a
function of both the angle and energy is evaluated, the
energy and angular distribution of the intermediate excit-

D. J. PARKER et al. 44

ed system created in the incomplete fusion of the comple-
mentary fragment is estimated by the usual Monte Carlo
procedure of selecting, through extraction of random
numbers, the angle of emission of the fragment and by
subtracting a randomly selected value of its energy from
the maximum possible value. The excited nuclei follow-
ing absorption of either the ®Be ion or a then deexcite by
evaporation.

C. Recoil distributions

A detailed description of the computational procedure
has been reported elsewhere [15,30]. However, we sum-
marize here, for completeness, how the recoil range dis-
tribution of the residues is evaluated.

The recoil direction of the residues was followed dur-
ing the deexcitation chain starting from the initial direc-
tion of the composite nucleus produced in the projectile-
target nucleus interaction. This was the beam direction
for complete fusion or the recoil direction after the pro-
jectile breakup and partial fusion in the case of incom-
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FIG. 4. Asin Fig. 1, for the Tl isotopes.
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plete fusion processes.

The angular distribution of the neutrons or protons
emitted in the preequilibrium phase was assumed to be
given by [33,34]

2

o
JEdQ xexp(—60/A08) , (2)
where
2
A=
kR (3)

and Ry is the composite nucleus radius, given by
Rcn=125 A, and k is the wave number of the emit-
ted particle.

The evaporated particles were assumed to have an iso-
tropic angular distribution in the reference frame of the
decaying nucleus except at the end of the evaporation
cascade (when the decaying system may still have consid-
erable angular momentum and the angular momentum of
the evaporated particle has a high probability to be

RECOIL RANGE STUDY OF COMPLETE AND INCOMPLETE . ..

1535

aligned with it), where a 1/sinf angular distribution was
assumed (6 is the angle between the direction of the
recoiling nucleus before the considered emission and the
direction of the evaporated particle). In the results of the
calculations presented later, the anisotropic distribution
was assumed to occur at excitation energies below about
25 MeV.

After each emission the change in the direction of the
recoiling nucleus was evaluated and the final result of the
cascade was a residual nucleus identified by Z and 4,
with a momentum p. The corresponding range was eval-
uated by a third-order polynomial fit to the linear
momentum-range tabulations of Northcliffe and Schilling
[25]. Finally, the range was projected onto the beam axis
for comparison with experiments. The change in direc-
tion for the residual nucleus along the deexcitation chain
is far from negligible and in fact reflects in a considerable
broadening of the recoil distributions.

The target thickness was taken into account by assum-
ing that the interaction of the projectile with the target
nucleus could occur with equal probability at any depth
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FIG. 5. Recoil distributions calculated without (dotted-line histrograms) and with (dashed-line histograms) inclusion of preequili-
brium emission of fast nucleons in complete fusion are compared with the experimental distributions (solid-line hisotgrams).
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FIG. 6. Comparison of experimental (solid and open trian-
gles, solid circles and squares) and calculated (solid lines) double
differential spectra for the emission of C in the reaction
0Ne+%3Nb at 148 MeV (data from Ref. [11]).

within the target. The consequent broadening of the cal-
culated range distributions is rather small. Straggling
was not taken into account mainly because of the lack of
experimental information for the fragments produced in
this reaction.

D. Effect of fission

Various experiments [1,5] indicate that 2°°At, produced
in the complete fusion process, ultimately fissions in a
large fraction of cases. One may evaluate (and our code
does so) the probability of fission during the evaporation
chain only with a detailed knowledge of the fission bar-
riers of the nuclei of the chain as a function of both the
nuclear mass 4 and the angular momentum J. In this
mass region such knowledge is very scanty. Therefore,
instead of evaluating explicitly the probability of fission,
the following procedure was adopted. Consider a ran-
domly selected deexcitation path of an equilibrated nu-
cleus A4 produced in a complete fusion process:

A—-B—->C— -~

B,C,... are the nuclei reached during the deexcitation
chain, each with a given energy, linear, and angular
momentum. The probability of this particular decay se-
quence is

D. J. PARKER et al.

4“4
A B C
Y v S ¥ ]
A A4 B B C C
rf+T/ T24+T2 T$+T§
rA réré
—L B, @)
FP I‘P FP

where I“‘f'B’ cr ;"B' € and I‘,f‘;,f?,-'uc are, respectively, the to-
tal decay rates of 4, B, and C for particle emission,
fission, and emission of the particular particles emitted in
the considered sequence.

In a Monte Carlo calculation one samples a great num-
ber of possible decay sequences, and at the end, one esti-
mates the average value of the probability (4). If the two
terms in the right-hand side of (4) are independent of each
other, the average probability becomes

A B C
r/ rZ rs

— =
Iy Ip T

P=(1—P;) , (5)

where I_’f is the average probability of fission and the
second factor in (5) is the quantity one evaluates in a
Monte Carlo calculation which does not explicitly take
into account the fission option.

A simple way to decide if the two terms in (4) are or
are not statistically independent is to look to the proba-
bility of fission as a function of the energy for the reac-
tion considered. Varying the incident energy, one sam-
ples different nuclei during the various deexcitation
chains. Taking into account that in the majority of the
cases the nuclei excited in the reaction decay either by
emitting a neutron or fissioning, the nuclei sampled when
one varies the incident energy or varies the decay se-
quence are essentially the same (even if the probability of
reaching one of them is different in the two cases). If the
probability of fission displays a weak energy dependence
which is smoothly varying, one may safely conclude that
the probability of fission is largely independent of the par-
ticular sequence of decays and thus the two terms in (4)
are statistically independent.

Since the fission probability for the *C+!*7Au reac-
tion is essentially constant with varying incident energy
between about 90 and 120 MeV [1], it may be concluded
that the cross section for producing a particular residue
may be evaluated without explicitly considering the prob-
ability of fission if, in the calculation, one substitutes for
the cross section for complete fusion o the product

E. Comparison with the data and estimate
of the partial cross sections
for complete and incomplete fusion

The only free parameters in the calculation were the
three cross sections o {1—P;) for complete fusion
without fission, os, for incomplete fusion of a 8Be frag-

ment, and o, for incomplete fusion of a single a particle.
All the other input parameters had, as stated above, the
values suggested by previous, independent analyses of
other experimental data. The dashed-line histograms in
Figs. 1-4 give the calculated recoil range distributions
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assuming for the three cross sections the values
0{1—P;)=350 mb, 05y = 260 mb, and 7,150 mb.

The main features of most of the measured distribu-
tions are reproduced satisfactorily by the calculation, in
particular the location of the maxima, the widths of the
distributions, and the absolute cross sections. In particu-
lar, the ability of the calculation to reproduce the abso-
lute cross sections is illustrated in Fig. 7, where the ratios
of the experimental to the calculated total cross sections
for production of various isotopes are shown. Most of
the cross sections are reproduced within 30%, which ap-
pears to be remarkable accuracy.

For a few nuclei, in particular the 4=201 isobars, the
calculated distributions appear more structured than the
measured ones. This is partly due to neglect of straggling
in the calculations, but may also reflect our extreme
schematization of the incomplete fusion processes. While
our procedure seems to be to a large extent justified by
the comparison with experiment, it is certainly true that
other incomplete fusion processes will occur in practice.
Thus, not only ®Be will fuse with gold, but also the other
Be isotopes such as 'Be or °Be. Consideration of these
processes would smear the calculated distributions, re-
ducing the discrepancies with the data. However,
perhaps with the exception of the 2°'Bi¢ recoil distribu-
tion, which is characterized by the largest experimental
uncertainties (the error on the absolute cross sections is
estimated to be greater than 25%, reflecting not statisti-
cal uncertainty as much as difficulty in measurement), we
feel that one may conclude that a substantially correct
description of the processes occurring has been achieved.
In Table III the calculated contribution of each mecha-
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FIG. 7. Ratio of the experimental cross section to that calcu-
lated, for all the spallation products ('°*T1™, cross, other TI iso-
topes, solid circles, Pb isotopes, open circles, Bi isotopes, open
squares, Po isotopes, solid triangles).

nism (the complete and the two incomplete fusion pro-
cesses) to the cumulative production of each residue is
given, and Fig. 8 shows, as an example, the independent
contributions to the cumulative recoil distribution of
198778,

Adding to the three cross sections for complete and in-
complete fusion the fission cross section [1] (=~ 1220 mb),
one finds for the reaction cross section oy a value of
about 1980 mb, which compares very favorably with the
value calculated by Thomas [35] (2099 mb).

TABLE III. Contribution of the three processes to the calculated cross section.

Nuclide T expt ot ol o ot

204pg 6.7+0.7 3.63 0.00 0.00 3.63
203pg 30.0+1 36.43 0.00 0.00 36.43
202po 140.0+8 101.25 0.00 0.00 101.25
200pg 11.0+5 8.31 0.00 0.00 8.31
204 7.60+0.4 5.25 0.53 0.00 5.79
203; 41.0+5 33.77 1.72 0.00 35.49
202B; 280.0+15 174.70 27.60 0.00 202.30
201B;e 100.0+30 74.22 63.26 0.00 137.49
200B; 111.0+7 15.96 92.20 0.00 108.16
199B; 120.0+15 28.18 51.16 0.00 79.33
203pp 73.0+3 42.73 2.26 0.00 44.99
201pp 150.0+5 80.64 73.04 0.00 153.68
200pp 160.0+20 15.02 99.65 0.00 114.67
199pp 150.0+20 43.50 76.01 0.00 119.51
198pp 45.0+10 41.68 4.54 0.00 46.22
197pp™ 48.0+3 70.86 0.00 0.00 70.86
017 140.0+7 75.70 75.88 0.86 152.44
19971 199.0+10 41.62 72.13 36.91 150.66
198718 134.0+7 68.97 9.25 35.18 113.4

1981m 66.0+4 0.025 2.37 51.73 54.13
197711 176.0+10 75.65 4.03 37.22 116.90
1961m 16.5+5 0.63 1.88 17.17 19.68
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Bimbot, Gardes, and Rivel [7] have estimated the cross
section for incomplete fusion of a ®Be fragment between
60 and 90 MeV incident >C energy. Their estimated
values are given in Fig. 9 by the solid line (they include
also the contribution of complete fusion processes fol-
lowed by evaporation of one « particle). Our value at 120
MeV is perfectly compatible with their estimates (for con-
sistency we have added to the value of 260 mb given
above the calculated cross section for one alpha-particle
evaporation from 209A ¢, which amounts to 51 mb). These
authors have also estimated the cross section for incom-
plete fusion of one a particle by the measured yield of Tl
isotopes. Since transfer of two protons might also con-
tribute to the yield of Tl isotopes, with mass smaller than
199 (they found evidence for this process by studying the
12C+29Bj reaction at the same energies), their value of
0,4, estimated by summing the production cross sections
of T1 isotopes, must be considered an upper limit. Even
then, their values of o, shown also in Fig. 9, are substan-
tially smaller than the corresponding o, as is our esti-

mate.
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It is to be noted that, while we do not need to include
two-proton incomplete fusion for reproducing satisfacto-
rily the yield of the Tl isotopes with mass smaller than
199, a contribution from such a process cannot be exclud-
ed (for instance, the smallest recoil component to the
19771 and °T1™ distributions peaks experimentally at a
value slightly smaller than the calculated one, a fact
which could be due to our neglect of two-proton transfer
processes). Thus our value also is strictly speaking, an
upper limit on the true o,,.

Finally, our estimate for incomplete fusion cross sec-
tions (260 and 150 mb) appear to be consistent with those
reported recently by Tserruya et al. [19] for 2C bom-
bardment of '°Gd.

IV. SUMMARY

In this paper we have presented the results of the mea-
surement of recoil ranges of 22 residues produced in the
interaction of '2C ions with '’ Au at 120 MeV. The tech-
nique based on the distribution of ¥ activities found in
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FIG. 8. Calculated recoil distributions of !°*T1” (independent production) and of precursors contributing to the cumulative distri-
bution of °®*T1”. The measured cumulative distribution is given by the solid-line histograms.
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FIG. 9. Cross section for the transfer of *Be and a particles
found in this work (circle and triangle) and the measurements of
Bimbot, Gardes, and Rivet [7] (solid and dashed lines).

thin Al absorbers downstream from a thin target allows
the direct identification of product nuclei from either
complete or incomplete fusion events.

We have introduced a method of calculation of their
production cross sections and range distributions taking
account of complete fusion as well as the transfer of a sin-
gle o and a ®Be fragment from '>C to the target. The
mechanism of these processes was assumed to be elastic
breakup followed by absorption of one of the fragments
by the target.

We have found that the recoil distributions of residues
produced in complete fusion events could only be repro-
duced by allowing for preequilibrium emission of about
0.9 fast nucleons ( =0.6 neutron and 0.3 proton) per com-
plete fusion event. The experimental range distributions
are reproduced quite well by the calculation; in many
cases several different reaction pathways are necessary to
describe the overall production of a single nuclide. This
result emphasizes the power of the recoil technique to
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isolate competing mechanisms in the reaction studied.

The experimental results of Bimbot, Gardes, and Rivet
[7], together with ours, indicate that incomplete fusion
processes begin from an incident energy near the
projectile-target Coulomb barrier (=~58 MeV), rising
monotonically at least up to 120 MeV, in agreement with
the findings of Tserruya et al. [19].

As suggested in previous papers [7,17,19], we find ®Be
transfer to be more important than transfer of a single a
particle; the ®Be and a transfer reactions account for 260
and 150 mb, respectively. The nonfission cross section is
about 760 mb, of which less than half (350 mb) is com-
plete fusion. The preequilibrium n- and p-emission yields
are about 215 and 95 mb, respectively. The estimated
evaporated a yield is about 75 mb, while that of fast a
particles from breakup processes is about 560 mb.

A detailed comparison of these data with existing
theories of incomplete fusion is outside the scope of this
work. In our opinion, for such a comparison to be really
meaningful, data from a variety of target nuclei interact-
ing with several different light ions ranging in energy to
several tens of MeV/nucleon must be available. While
several range studies at E <10 MeV/nucleon have been
performed and double differential light particle spectra
are widely available, there are few measurements of the
yields of or momentum transfer to residual nuclei at
E > 10 MeV/nucleon. It is hoped that in the near future,
we can, ourselves, contribute such experimental data.
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