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Complete and incomplete fusion reactions in12C189Y: Excitation functions
and recoil range measurements
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School of Studies in Physics, Vikram University, Ujjain 456010, India
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~Received 11 September 1997!

Excitation functions and recoil range distributions for radioactive products formed in the reactions of12C on
89Y have been measured using catcher foil technique followed by gamma-ray spectrometry. The alpha emis-
sion products show higher cross sections than that predicted for complete fusion. Recoil range distributions of
evaporation residues indicate incomplete momentum transfer events. Detailed Monte Carlo simulation of the
shapes of recoil range distributions for these processes have been carried out usingPACE2 code to extract the
contributions of incomplete fusion in the individual channels. From the relative yields of incomplete fusion
products the excitation energy and angular momentum of the incompletely fused composite nucleus have been
deduced. The values agree well with the break-up fusion model of the incomplete fusion.
@S0556-2813~98!03102-1#

PACS number~s!: 25.70.Jj, 25.70.Gh
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I. INTRODUCTION

The study of heavy ion fusion reactions has been the s
ject of interest for the past three decades. The fusion c
sections as a function of entrance channel mass asymm
center of mass energy and angular momentum have b
explained in terms of the model based on interaction barr
critical angular momentum and critical distance of approa
@1#. As the projectile energy is increased compound nucl
formation is hindered and incomplete fusion~ICF! starts
competing with complete fusion~CF!. In ICF reaction, only
a part of the projectile fuses with the target accompanied
the emission of light ejectiles at forward angles with appro
mately beam velocity. These ICF reactions were first
served by Britt and Quinton@2# and Galinet al. @3#. The
study of ICF by particle-gamma coincidence studies@4# con-
tributed to the understanding of the mechanism of these
actions. As the projectiles12C, 16O are clusters ofa par-
ticles, it could be assumed that it is easy to transfer aa
particle from these projectiles to the target. In such reacti
the mass flow is always from projectile to target.

Several models have been proposed to explain the
reactions, such as break-up fusion@5#, hot spot@6#, sum rule
model@7#, promptly emitted particles@8# and exciton model
@9#. All these models have been used to fit the experime
data obtained using projectile energies above 10 M
nucleon. However, some recent studies showed the ons
ICF just above the Coulomb barrier. Parkeret al. @10# ob-
served forward peaked alpha particles in reactions of 6 M
nucleon 12C on 51V. Morgensternet al. @11# observed ICF
components in the velocity spectra of evaporation resid
~ER’s! in a reaction of40Ar with boron and carbon targets
Tserruyaet al. @12# found evidence for ICF from time-of
flight measurements of ER’s in a reaction of 5.5 to 10 M
per nucleon12C with 120Sn, 160Gd, and197Au. Tomaret al.
570556-2813/98/57~2!/743~6!/$15.00
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by their excitation functions@13# and recoil range distribu-
tion studies@14# have clearly shown the significant contribu
tion of ICF in the cross section ofa emission channels a
well asa transfer products.

The recoil range distribution~RRD! of the heavy residues
depends on the momentum transferred in the reaction. In
ICF process the momentum transferred is proportional to
mass of the projectile fragment fusing with the target nuc
Measurement of recoil range can also be used in distingu
ing different ICF processes in lighter systems where
same product may be formed by more than one fusion p
cess, followed by different degrees of particle emission.
the other hand in TOF studies@15# only the mass of the
residue is identified and not its atomic number. The parti
gamma coincidence@4# measurements on the other hand a
useful for the heavier system where the evaporation
charged particle is hindered by the Coulomb barrier. Th
have been conflicting reports about the angular momenta
volved in ICF. Theg-multiplicity measurements by Inamur
et al. @4#, Wilczynski et al. @7#, and Trautmannet al. @16#
showed that ICF involvesl values more thanl CR. However
a few studies@17# on spherical targets showed involveme
of l values lower thanl CR. This suggests that ICF may b
competing with CF even atl values lower thanl CR contrary
to the hypothesis of angular momentum window in the s
rule model of ICF.

In the present work we measured the excitation functio
@s(E)# of the various radionuclides formed in the reacti
of 12C on 89Y in beam energy range 70–87 MeV and RR
at 84 MeV 12C beam energy. Detailed modeling of th
RRD’s, based on data from complimentary studies of ex
tation functions will help in separating the contributions
CF and ICF process in each reaction channel and thereby
can estimate the cross sections of various fusion process
the total reaction cross section. In order to identify the yie
743 © 1998 The American Physical Society
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744 57B. BINDU KUMAR et al.
associated with CF and ICF the observed RRD’s are c
pared with the predictions of Monte Carlo simulations us
the codePACE2 @18#. The results obtained in the prese
work are discussed in terms of the breakup fusion mode
ICF. The relative yields of various ICF products have be
used to deduce the angular momenta involved in ICF.

II. EXPERIMENTAL PROCEDURE

A. Excitation functions

The excitation functions for production of twelve radi
nuclides from the reaction12C189Y were measured at inci
dent 12C energies up to 87 MeV. The experiments were c
ried out at the BARC-TIFR Pelletron accelerator at Mumb
India. Stacks consisting of two self-supporting targets of
trium (1 mg/cm2) separated by aluminum foils (2 mg/cm2)
were bombarded with12C beam. Three irradiations were ca
ried out for each such stack of target and degraders enc
passing the beam energy between 70 and 87 MeV for12C.
The energies at the target are the average values of the
dent and outgoing projectile energies. The beam energy
radation in each target foil was calculated using the stopp
power tables of Northcliffe and Schilling@19#. The irradia-
tion time of around 2 h was selected according to the h
lives of the radioisotopes produced. The total charge c
lected for each irradiation was around 700mC. This was
measured using an electron suppressed Faraday cup p
behind the target assembly. The radionuclides generate
each target catcher assembly were then identified by co
ing the foils successively on a precalibrated 60 cc HP
detector coupled to a 4 KMCA. The efficiency of the detec
tor as a function of gamma ray energy had been determ
using a standard152Eu source. The detector resolution was
keV at 1332 keV. Each foil was counted for 300 secon
duration immediately after activation. Subsequently, the fo
were recounted for successively longer durations over a
riod of two weeks.

The yields of the radioinuclides identified in each fo
were determined using the published half-lives, gamma-
energies and branching ratios@20#. Table I lists the nuclear
spectroscopic data for the nuclides for which the excitat
functions were measured in this work. The computer co

TABLE I. Nuclear spectroscopic data used in this work@20#.

Nuclide Spin Half-life Eg (keV) I g (%)

98Rh 21 9.05m 652 94.2
97Rhm 1/22 44.3m 188 51.2
97Rhg 9/21 31.1m 421 75.0
96Rh 51 9.89m 832 100
97Ru 5/21 2.9d 215 85.8
95Ru 5/21 1.64h 336 100
96Tcg 71 4.28d 778 100
95Tcg 9/21 20h 765 93.9
94Tcg 71 4.9h 871 100
93Tcg 9/21 2.75h 1363 65.8
93Mom 21/21 6.85h 685 99.7
92Nbm 21 10.15d 934 100
90Nbg 81 14.6h 1129 92.66
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SAMPO was used to find the areas of the peaks in the gam
ray spectra. From the measured count rate CR(t) at any time
t, the cross sections~s! were calculated using the standa
relation,

CR~ t !5Nfs~12e2lTi !e2lt«gI g , ~1!

whereN is the number of atoms/cm2 in target,f is the in-
tensity of incident particles,Ti and t are the bombardmen
and cooling time,l is the decay constant of the radionuclid
and «g and I g are the detection efficiency and branchin
intensity of the gamma ray, respectively. In the case of
radionuclides such as97Ru, 95Tc the measured cross sectio
are the cumulative values. The corrections for the precu
contribution was carried out by subtracting the precur
cross section measured independently. Many of the radio
clides studied have isomeric states with decay properties
ferent from the ground state. In the case of97Rh it was
possible to measure the two isomers, while in some ca
~e.g., 92Nb! the decay schemes of one of the isomers was
suitable for measurements. In some cases~ 96Tc, 90Nb!
where the isomeric state decays to ground state the meas
yields include both states.

B. Recoil range distributions

Recoil range distributions for a number of radioacti
products of the reactions of12C on 89Y, recoiling into alu-
minum, were measured at12C beam energy of 84 MeV. The
target consisted of approximately 100mgm/cm2 yttrium
evaporated onto a thin aluminum foil of thickne
100mgm/cm2. The target was mounted with the aluminu
backing facing the beam, so that the catcher stack imm
ately followed the yttrium layer. The catchers used we
evaporated aluminum foils, typically 100mgm/cm2 thick.
The thickness of each catcher foil was measured prior to
use, with an uncertainty of,5%, by measuring the energ
loss suffered in the foil by 5.486 MeVa particle from a
241Am source. The stopping power values of Northcliffe a
Schilling @19# for the stopping ofa particle in aluminum
were used for determining the thickness.

The target and a stream of 12 catcher foils were moun
on annular holders with internal diameter of 12 mm, in
close geometry inside the irradiation chamber. The be
current was measured with an electron suppressed Far
cup placed behind the target-catcher assembly. The12C
beam was collimated to a spot of 2 mm, and the stack w
irradiated for 18 h with a fluence of about 1000mC. After the
irradiation, the activities of individual reaction products we
measured by following the gamma activities of the ind
vidual catcher foils for a period of two weeks. The cro
sections~s! for a particular reaction product in different foil
were obtained using Eq.~1!.

The yield distribution as a function of depth in the catch
stack was obtained for each product by dividing the yield
each catcher by its measured thickness and plotting the
sulting yield against cumulative catcher thickness to obt
the RRD. The accuracy of these distributions was limited
the uncertainty in determining the catcher thickness, gen
ally about 5%. No attempt was made to obtain absolute cr
section in this measurement, which simply determined
shape of each recoil. The recoil distributions were norm
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FIG. 1. ~a!–~d! Excitation functions of evaporation residues in12C189Y. The solid lines are an eye guide to the experimental data.
dashed lines represent thePACE2 predictions for CF formation of ER’s.
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ized using the cross section obtained in the excitation fu
tion measurements discussed in Sec. II A.

III. ANALYSIS OF THE EXPERIMENTAL DATA

Figures 1~a!–1~d! show the measured excitation functio
of the twelve evaporation residues. The experimentally m
sured ER’s are indicated by various symbols and solid li
through these points are just eye guide. The errors on
cross sections are approximately 10–15% which ar
mostly from the counting statistics, detector efficiency, tar
thickness andg ray intensity values. The theoretical estima
of the cross sections were obtained using the Monte C
simulation codePACE2 @18# with KRK formula for level den-
sity @21#. The optical model parameters for emitted light pa
ticles were taken from Perey and Perey@22# for alphas, pro-
tons and neutrons. The average gamma transition stren
compiled by Endt@23# were used for the present work. Th
KRK prescription takes into account the excitation ene
dependence of the level density parameter ‘‘a’’. In the
present calculations for ER excitation functions, the value
‘‘ a’’ used wasA/8. The other input parameters in the pr
gramme were used as default values. The calculated ex
tion functions are shown as dashed lines.

The RRD’s for various reaction products, studied in t
present work, are shown in Figs. 2~a!–2~b!. The solid lines
are eye guides to the experimental points. The abscissa i
c-

a-
s

he
s
t

lo

-

ths

y

f

ta-

the

figures represents the range projected along the beam
The error on the cross section data is of the order of 1
15 %, which is primarily due to the counting statistics. T
RRD’s for the ER’s formed by CF were simulated using t
codePACE2 with the input parameter as discussed above. T
code calculates the double differential cross sect
(d2s/dEdV lab) for ER’s which was transformed into th
projected range distribution along the beam axis using
range energy table of Northcliffe and Schilling@19#. The
RRD’s obtained by thePACE2 code were normalized to th
experimental RRD’s by adjusting the height and keeping
peak position and width constant. In Figs. 2~a! and 2~b! the
RRD’s for the ER’s obtained byPACE2 are shown by solid
curves. The dashed curves are the ICF components obta
by subtracting the CF contributions from the experimen
curves.

IV. RESULTS AND DISCUSSION

A. Excitation functions

The experimental results for various reaction chann
along with their predicted cross sections withPACE2 code are
shown in Figs. 1~a!–1~d!. The excitation functions for the
rhodium products produced throughxn channels of the
12C189Y compound system are shown in Fig. 1~a!. It can be
seen that the excitation function for the product98Rh is in
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746 57B. BINDU KUMAR et al.
agreement with the theoretical predictions. This is quite
vious, as the rhodium products are formed from the CF
12C with 89Y. Surprisingly, there is a disagreement by
factor of 2 between the theory and experiment for the pr
uct 97Rh for the entire region up to 86 MeV and for th
product 96Rh beyond 75 MeV. Figure 1~b! shows the experi-
mental and theoretical excitation functions for the97Ru and
95Ru products. The dotted curves correspond to thePACE2
calculations. As expected, the calculated values agree
with the experimental results, thereby showing that the
products are formed viapxn channels after the CF of12C
with 89Y. From Figs. 1~a! and 1~b! it can be seen thatxn and
pxn products are formed via deexcitation of the CN form
in CF. There is agreement between the experimental
theoretical values in four out of the five evaporation residu
In view of the statistical nature of the calculations this can
considered as a fairly satisfactory result.

FIG. 2. ~a! and ~b! Recoil range distributions of evaporatio
residues in12C189Y. The continuous lines are thePACE2 predic-
tions for CF formation of ER’s. The dashed lines represent the
component obtained by subtracting thePACE2 predictions from the
experimental data. Dotted lines are the simulated RRD’s for I
based on breakup fusion model.
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The excitation functions for Tc products are shown in F
1~c!. It can be seen from the figure that95Tc, 94Tc, and93Tc
show higher cross sections than calculated values, w
96Tc shows lower values. From the above observations it
be inferred that the products93– 95Tc, have contributions
from ICF involving the projectile breakup intoa and 8Be
followed by fusion of8Be with the target. It is surprising to
note that the theoretical excitation function for the96Tc over-
estimate the experimental results, thereby showing the n
ligible effects from the breakup of the projectile12C. From
the breakup fusion model, the disagreement between the
ical and experimental values of the cross sections of96Tc is
attributed to the uncertainty inPACE2 calculations as this
isotope is not expected to be formed in ICF process as
be discussed later.

Figure 1~d! shows the excitation functions for the prod
ucts 93Mo, 90,92Nb. In case of 93Mo there is fairly good
agreement between the experiment and theory indicating
formation in CF process, that isap3n channel. The contri-
bution from ICF, if any, is not clearly seen ins(E). The
measureds(E) for 92Nbm agrees with thePACE2 predic-
tions. However 92Nbm represents a small fraction of th
cross section of92Nb as the high spin isomer,92Nbg could
not be measured owing to its long half-life. Thus the cro
section of 92Nb would actually be much higher thanPACE2
prediction, indicating the contribution of ICF in the yield o
92Nb. In case of90Nb, which is the high spin isomer, th
measured cross section value accounts for almost the e
cross section of this product. The experimental values
much higher than thePACE2 predictions, indicating that ther
is a contribution from ICF process.

The present observations indicate that ICF occurs eve
as low energy as 6 MeV/nucleon. Similar results were o
tained by Parkeret al. @10# and Verganiet al. @24#. The exact
mechanism of such ICF reactions is not clearly understo
Several models have been proposed so far@5–8#, as dis-
cussed earlier, to explain the ICF reaction mechanism
order to understand the various aspects of the ICF phen
ena, it is important to do a detailed study of the role of t
entrance-channel angular momentum and mass asymm
An interesting question is to what extent this breakup is
companied by fusion of one of the two fragments of t
projectile. The recoil range studies, discussed in the follo
ing section, are aimed at addressing this question.

B. Recoil range distributions

Figure 2~a! shows the measured recoil range distributio
for the products97Rh, 97Ru, and95Ru at the beam energy o
84 MeV. The recoil range distributions of the above produ
are the simplest, consisting of a well-defined peak at a de
corresponding to the expected recoil range of the101Rh com-
pound nucleus. The width of these peaks reflects the pert
ing effects of the evaporation of nucleons on the recoil
locity of the product, combined with the effects of stragglin
and finite target thickness. The results of detailed modell
of the recoil range distributions predicted byPACE2 for CF
with suitable normalization are shown as the solid curv
This modeling procedure reproduces the distributions r
sonably well, thereby confirming the fact that the producti
of these residues is purely by complete fusion. The ab
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distributions are also centered approximately around
compound nucleus recoil range. This indicates the absenc
ICF in the formation of rhodium and ruthenium isotopes
the system.

Figure 2~b! shows the recoil range distributions of sev
residues from the reactions of 84 MeV12C with 89Y.
Whereas the96Tc distribution consists of a single peak,
the range expected for a residue recoiling with almost
CN velocity, the other products namely,93– 95Tc, 93Mo,
90Nb, and 92Nb show additional components at a low
range. These components correspond to the two ICF
cesses,89Y~12C,a!97Tc* and 89Y~12C,8Be!93Nb* . In these re-
actions,a and 8Be act essentially as spectators during
reaction, so that the linear momentum transfer of the resi
is reduced to 2/3 and 1/3 of the CN value, respectively.

C. Breakup fusion model analysis of the ICF

In Fig. 2~b! the dashed lines are the ICF cross sectio
obtained by subtracting the simulated RRD’s from the
perimental RRD’s. The low range component clearly refle
incomplete momentum transfer in the ICF process leadin
Tc, Mo, and Nb isotopes. The RRD for these ICF produ
was deduced using the breakup fusion model@5#. The Monte
Carlo simulation of RRD was carried out usingPACE2 code
by supplying theE* and^ l & of the incompletely fused com
posite~IFC! nuclei 97Tc and 93Nb formed in the binary re-
actions,

12C189Y→97Tc*14He,

12C189Y→93Nb*18Be.

The E* of the intermediate nucleus (97Tc* ) was evaluated
using the expression,

2/3Elab~97/101!1Qgg .

It was found to be 48.48 MeV for the above system atElab
584 MeV. The IFC was assumed to have a single spin va
equal to 2/3 times the 1max of the entrance channel, whic
was found to be 30\. Likewise theE* of 93Nb* was evalu-
ated as

1/3Elab~93/101!1Qgg .

The calculated value was found to be 21.37 MeV, and
corresponding spin value was taken as 1/3 times thel max,
that is 15\. The other input parameters were chosen
same way as in the case ofPACE2 calculation for the CF
process. The deexcitation of these incompletely fused c
posite nuclei was followed and the RRD’s for the Tc, M
and Nb isotopes were generated. The simulated RRD’s
shown as dotted curves. The simulated RRD’s reproduce
deduced RRD’s for93– 95Tc, 93Mo, and 92Nb except for the
width which are rather narrow for the simulated RRD’s. Th
can be attributed to the limitations in the simulation as
angular distribution of the outgoing particles is not taken in
account. The break up fusion model fails to account for
RRD of 90Nb. This is owing to the fact that theE* of IFC,
(93Nb) formed by fusion of an alpha particle with89Y is not
sufficient for emission of three neutrons to give90Nb. This
shows that90Nb is not formed by alpha transfer from12C to
e
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89Y. Instead it may be formed by two proton transfer fo
lowed by emission of one neutron.

Table II shows the ICF cross sections in the yields of T
Mo, and Nb isotopes. The relative cross sections of94– 95Tc
was used to deduce theE* and ^ l & of the IFC and thereby
evaluate the angular momenta involved in the ICF. T
method of obtaining the angular momentum distribution o
CN from the relative yields of ER’s is well established@25#.
The E* and^ l & of the IFC, 97Tc was varied in the range o
40–50 MeV and 25–35\, respectively, and the yields o
95Tc and 94Tc were compared with experimentally deduc
ICF cross sections for these products. The best fit with
perimental values was found forE* 546 MeV and ^ l &
530\. These values agree with the predictions of break
fusion model as calculated above. The corresponding ang
momentum of entrance channel would be 3033/2545\,
which agrees with thel max value ~45\! calculated using the
prescription of Wilczynski@26#. This shows that the ICF
process is associated with peripheral collisions. This ob
vation is in agreement with the predictions of sum ru
model @7# that the ICF occurs only in peripheral collision
involving l ICF. l CR for CF. The CF cross section at 84 Me
beam energy was obtained from the excitation function d
measured experimentally in the present work, and taking
cross section of a few stable residues (95,96Ru,96Tc,94Mo)
from thePACE2 code. These stable residues contributes o
10–15% of thesCF. The sCF value was found to be 1240
6140 mb. The correspondingl CR deduced from thesCF
value was 38\. This value ofl CR is in good agreement with
the l CR value of 39\ calculated using the prescription o
Wilczynski @26#.

Thus the present study has shown that ICF contribu
significantly to the total reaction cross section even at as
energy as 6 MeV/amu in case of lowZ heavy ion induced
reactions. The study reveals that ICF follows breakup fus
mechanism in which the projectile breaks into the fragme
(a18Be). Subsequently either of the two fragments can fu
with the target nucleus bringing in the angular momenta
the ratio of its mass to that of the projectile. The calculati
of the ^ l & of the IFC formed in ICF from the relative yield
of the 94– 95Tc isotopes corroborates the peripheral nature
collision leading to ICF.

V. CONCLUSION

Excitation functions of twelve evaporation residues we
measured in the12

C189Y system in the beam energy rang
70–87 MeV. RRD’s of ER’s were also measured at 84 Me

TABLE II. Contributions of CF and ICF* cross sections~in mb!
in the yields of Tc, Mo, and Nb isotopes in 84 MeV12C on 89Y.

Nuclei CF ICF

95Tcg 59.365.1 33.863.4
94Tcg 66.464.4 61.766.2
93Tcg 7963 7.960.8
93Mom 50.463.2 13.461.4
92Nbm 0.8860.28
90Nbg 17.362.3
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748 57B. BINDU KUMAR et al.
Comparison of the excitation functions with the Monte Ca
simulation code suggests that there is a significant enha
ment in the cross section of thea emission products, such a
93– 95Tc in this system, thereby indicating the contribution
ICF processes. The simulation of RRD’s indicates signific
contribution of ICF in the Tc, Mo, and Nb products. The IC
formation of Tc, Mo, and92Nb has been explained in term
of the breakup of12C into a18Be followed by fusion of
either of them with the target. However, the model fails
explain the ICF in90Nb product. This may be attributed t
the formation of this product by the transfer of two proto
from projectile to the target followed by neutron emissio
The average angular momentum of the intermediate nuc
e
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formed in ICF was deduced from the relative yields of t
ICF products. The results corroborate the peripheral na
of the ICF.
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