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Complete and incomplete fusion reactions int2C+8%Y: Excitation functions
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Excitation functions and recoil range distributions for radioactive products formed in the reactitiGar
8% 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 owaasthgode 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.
[S0556-28188)03102-1

PACS numbg(s): 25.70.Jj, 25.70.Gh

I. INTRODUCTION by their excitation function$13] and recoil range distribu-
tion studieq 14] have clearly shown the significant contribu-
The study of heavy ion fusion reactions has been the sultion of ICF in the cross section af emission channels as
ject of interest for the past three decades. The fusion crossell as « transfer products.
sections as a function of entrance channel mass asymmetry, The recoil range distributiofRRD) of the heavy residues
center of mass energy and angular momentum have bealepends on the momentum transferred in the reaction. In the
explained in terms of the model based on interaction barriedCF process the momentum transferred is proportional to the
critical angular momentum and critical distance of approachmass of the projectile fragment fusing with the target nuclei.
[1]. As the projectile energy is increased compound nucleudeasurement of recoil range can also be used in distinguish-
formation is hindered and incomplete fusigtCF) starts ing different ICF processes in lighter systems where the
competing with complete fusio(CF). In ICF reaction, only same product may be formed by more than one fusion pro-
a part of the projectile fuses with the target accompanied bgess, followed by different degrees of particle emission. On
the emission of light ejectiles at forward angles with approxi-the other hand in TOF studigd5] only the mass of the
mately beam velocity. These ICF reactions were first ob+esidue is identified and not its atomic number. The particle
served by Britt and Quintofi2] and Galinet al. [3]. The  gamma coincidence4] measurements on the other hand are
study of ICF by particle-gamma coincidence studiélscon-  useful for the heavier system where the evaporation of
tributed to the understanding of the mechanism of these rezharged particle is hindered by the Coulomb barrier. There
actions. As the projectile$C, °0 are clusters ofx par-  have been conflicting reports about the angular momenta in-
ticles, it could be assumed that it is easy to transferaan volved in ICF. They-multiplicity measurements by Inamura
particle from these projectiles to the target. In such reactionst al. [4], Wilczynski et al. [7], and Trautmanret al. [16]
the mass flow is always from projectile to target. showed that ICF involvek values more thahcg. However
Several models have been proposed to explain the ICE few studie§17] on spherical targets showed involvement
reactions, such as break-up fusi@l, hot spot{6], sum rule  of | values lower thancg. This suggests that ICF may be
model[7], promptly emitted particleg8] and exciton model competing with CF even dtvalues lower thatcg contrary
[9]. All these models have been used to fit the experimentaio the hypothesis of angular momentum window in the sum
data obtained using projectile energies above 10 MeVrfule model of ICF.
nucleon. However, some recent studies showed the onset of In the present work we measured the excitation functions
ICF just above the Coulomb barrier. Parlaral. [10] ob- [o(E)] of the various radionuclides formed in the reaction
served forward peaked alpha particles in reactions of 6 MeVéf *2C on 8% in beam energy range 70-87 MeV and RRD
nucleon 2C on ®V. Morgensternet al.[11] observed ICF at 84 MeV *2C beam energy. Detailed modeling of the
components in the velocity spectra of evaporation residueRRD’s, based on data from complimentary studies of exci-
(ER’s) in a reaction of°Ar with boron and carbon targets. tation functions will help in separating the contributions of
Tserruyaet al. [12] found evidence for ICF from time-of- CF and ICF process in each reaction channel and thereby one
flight measurements of ER’s in a reaction of 5.5 to 10 MeVcan estimate the cross sections of various fusion processes in
per nucleon'?C with 12%Sn, 69Gd, and!®’Au. Tomaret al.  the total reaction cross section. In order to identify the yields

0556-2813/98/52)/743(6)/$15.00 57 743 © 1998 The American Physical Society



744 B. BINDU KUMAR et al. 57

TABLE I. Nuclear spectroscopic data used in this w2K]. saMPowas used to find the areas of the peaks in the gamma-
ray spectra. From the measured count ratetCR{ any time

Nuclide Spin Half-life  E, (keV) I, (%) t, the cross sectiongr) were calculated using the standard
%Rh 2" 9.05m 652 94.2 relation,
97RH™ 12 44.3m 188 51.2 CR(t)=Ngo(1-e e Mg |, 1)
9Rhe 9/2* 31.Im 421 75.0
%Rh 5° 9.89m 832 100 whereN is the number of atoms/chin target, ¢ is the in-
Ru 5/2* 2.9 215 85.8 tensity of incident particles]; andt are the bombardment
SRu 5/2° 1.6 336 100 and cooling time) is the decay constant of the radionuclide,
96T 9 7" 4.24 778 100 ande, and |, are the detection efficiency and branching
95T 9 g/2* 20h 765 93.9 intensity of the gamma ray, respectively. In the case of the
94T 0 7+ 4.% 871 100 radionuclides such a¥Ru, %°Tc the measured cross sections
9319 9/2* 2.7 1363 65.8 are the cumulative values. The corrections for the precursor
93\jo™m 21/2+ 6.85h 685 99.7 contribution was carried out by subtracting the precursor
92\pm 2+ 10.15 934 100 cross section measured independently. Many of the radionu-
90N Y g+ 14.6 1129 92.66 clides studied have isomeric states with decay properties dif-

ferent from the ground state. In the case YRh it was
possible to measure the two isomers, while in some cases

associated with CF and ICE the observed RRD's are com(€.9., *°Nb) the decay schemes of one of the isomers was not

pared with the predictions of Monte Carlo simulations usingSuitable for measurements. In some ca¢éc, *Nb)
the codePACE2 [18]. The results obtained in the present Where the isomeric state decays to ground state the measured

work are discussed in terms of the breakup fusion model o¥i€elds include both states.
ICF. The relative yields of various ICF products have been
used to deduce the angular momenta involved in ICF. B. Recoil range distributions

Recoil range distributions for a number of radioactive

Il. EXPERIMENTAL PROCEDURE products of the reactions dfC on &, recoiling into alu-
minum, were measured afC beam energy of 84 MeV. The
target consisted of approximately 1p@m/cn? yttrium

The excitation functions for production of twelve radio- evaporated onto a thin aluminum foil of thickness
nuclides from the reaction®C+28% were measured at inci- 100 xgm/cnt. The target was mounted with the aluminum
dent *2C energies up to 87 MeV. The experiments were carbacking facing the beam, so that the catcher stack immedi-
ried out at the BARC-TIFR Pelletron accelerator at Mumbai,ately followed the yttrium layer. The catchers used were
India. Stacks consisting of two self-supporting targets of yt-evaporated aluminum foils, typically 1Q@gm/cnt thick.
trium (1 mg/cn?) separated by aluminum foils (2 mg/ém  The thickness of each catcher foil was measured prior to its
were bombarded with?C beam. Three irradiations were car- use, with an uncertainty c£5%, by measuring the energy
ried out for each such stack of target and degraders enconess suffered in the foil by 5.486 Me\W particle from a
passing the beam energy between 70 and 87 Me\VA46r  2*!Am source. The stopping power values of Northcliffe and
The energies at the target are the average values of the in&chilling [19] for the stopping ofa particle in aluminum
dent and outgoing projectile energies. The beam energy degvere used for determining the thickness.
radation in each target foil was calculated using the stopping The target and a stream of 12 catcher foils were mounted
power tables of Northcliffe and Schillingl9]. The irradia- on annular holders with internal diameter of 12 mm, in a
tion time of aroud 2 h was selected according to the half close geometry inside the irradiation chamber. The beam
lives of the radioisotopes produced. The total charge coleurrent was measured with an electron suppressed Faraday
lected for each irradiation was around 7@. This was cup placed behind the target-catcher assembly. i@
measured using an electron suppressed Faraday cup pladeem was collimated to a spot of 2 mm, and the stack was
behind the target assembly. The radionuclides generated irradiated for 18 h with a fluence of about 100C. After the
each target catcher assembly were then identified by counirradiation, the activities of individual reaction products were
ing the foils successively on a precalibrated 60 cc HPGeneasured by following the gamma activities of the indi-
detector coupledota 4 KMCA. The efficiency of the detec- vidual catcher foils for a period of two weeks. The cross
tor as a function of gamma ray energy had been determineskctiong o) for a particular reaction product in different foils
using a standard®®Eu source. The detector resolution was 2were obtained using Eq1).
keV at 1332 keV. Each foil was counted for 300 seconds The yield distribution as a function of depth in the catcher
duration immediately after activation. Subsequently, the foilsstack was obtained for each product by dividing the yield in
were recounted for successively longer durations over a peach catcher by its measured thickness and plotting the re-
riod of two weeks. sulting yield against cumulative catcher thickness to obtain

The yields of the radioinuclides identified in each foil the RRD. The accuracy of these distributions was limited by
were determined using the published half-lives, gamma-rayhe uncertainty in determining the catcher thickness, gener-
energies and branching ratif20]. Table | lists the nuclear ally about 5%. No attempt was made to obtain absolute cross
spectroscopic data for the nuclides for which the excitatiorsection in this measurement, which simply determined the
functions were measured in this work. The computer codeshape of each recoil. The recoil distributions were normal-

A. Excitation functions
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FIG. 1. (a)—(d) Excitation functions of evaporation residues#C-+2%. The solid lines are an eye guide to the experimental data. The
dashed lines represent thece2 predictions for CF formation of ER’s.

ized using the cross section obtained in the excitation funcfigures represents the range projected along the beam axis.

tion measurements discussed in Sec. Il A. The error on the cross section data is of the order of 10—
15 %, which is primarily due to the counting statistics. The
IIl. ANALYSIS OF THE EXPERIMENTAL DATA RRD’s for the ER’s formed by CF were simulated using the

i o ] codePACE2 with the input parameter as discussed above. The
Figures 1a)—1(d) show the measured excitation functions code calculates the double differential cross section

of the twelve evaporation residues. The experimentally meaq24/dEdQ,,) for ER’s which was transformed into the
sured ER’s are indicated by various symbols and solid linegyojected range distribution along the beam axis using the
through these points are just eye guide. The errors on thginge energy table of Northcliffe and Schillifd9]. The
cross sections are approximately 10-15% which ariseRRrp's obtained by theace2 code were normalized to the
mostly from the counting statistics, detector efficiency, targegxperimental RRD’s by adjusting the height and keeping the
thickness andy ray intensity values. The theoretical estimate heak position and width constant. In FiggaRand 2b) the

of the cross sections were obtained using the Monte Carlgrp's for the ER'’s obtained byAce2 are shown by solid
simulation codeAce2 [18] with KRK formula for level den-  cyryes. The dashed curves are the ICF components obtained

sity [21]. The optical model parameters for emitted light par-py suptracting the CF contributions from the experimental
ticles were taken from Perey and Pef@g] for alphas, pro- ¢ rves.

tons and neutrons. The average gamma transition strengths
compiled by End{23] were used for the present work. The

KRK prescription takes into account the excitation energy IV. RESULTS AND DISCUSSION
dependence of the level density parametex”.”In the A Excitation function
present calculations for ER excitation functions, the value of - Excitation functions

“a" used wasA/8. The other input parameters in the pro- The experimental results for various reaction channels,
gramme were used as default values. The calculated excitatong with their predicted cross sections wihcE2 code are
tion functions are shown as dashed lines. shown in Figs. (a)—-1(d). The excitation functions for the

The RRD'’s for various reaction products, studied in therhodium products produced througtn channels of the
present work, are shown in Figs(a?-2(b). The solid lines  2C+8% compound system are shown in Figal It can be
are eye guides to the experimental points. The abscissa in tlseen that the excitation function for the prodd&Rh is in
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— 150 The excitation functions for Tc products are shown in Fig.

€ 1004 1(c). It can be seen from the figure th&rc, %Tc, and*3Tc

5 ] Rh . . .

S 50 A show higher cross sections than calculated values, while

£ ] N %Tc shows lower values. From the above observations it can

£ 6007 N Ry be inferred that the product®3-°Tc, have contributions

g 300 /,/ o from ICF involving the projectile breakup inta and ®Be

'§ == - followed by fusion of®Be with the target. It is surprising to

& 100 Y, Ry note that the theoretical excitation function for t#@c over-

§ 507 */*/ N estimate the experimental results, thereby showing the neg-
T T

ligible effects from the breakup of the projectitéC. From

the breakup fusion model, the disagreement between theoret-
ical and experimental values of the cross section&®t is
attributed to the uncertainty iRACE2 calculations as this
isotope is not expected to be formed in ICF process as will
be discussed later.

Figure Xd) shows the excitation functions for the prod-
ucts ®Mo, %%9Nb. In case of%*Mo there is fairly good
agreement between the experiment and theory indicating its
formation in CF process, that igp3n channel. The contri-
bution from ICF, if any, is not clearly seen im(E). The
measureds(E) for %2Nb™ agrees with therACE2 predic-
tions. However °2Nb™ represents a small fraction of the
cross section of?Nb as the high spin isomef?Nb? could
not be measured owing to its long half-life. Thus the cross
section of ®Nb would actually be much higher thaace2
prediction, indicating the contribution of ICF in the yield of
92Nb. In case of?*Nb, which is the high spin isomer, the
measured cross section value accounts for almost the entire
cross section of this product. The experimental values are

T T T T
0.0 04 0.8 12 1.6

)

Cross section [mb/(mg/cm?)]

4 o~ #2Np™ much higher than theace2 predictions, indicating that there
1% %ffI S is a contribution from ICF process.
40 The present observations indicate that ICF occurs even at
20} 1\ Ic\ *'Np* as low energy as 6 MeV/nucleon. Similar results were ob-
0. '***—tjﬂ'-’ *ﬂt ' tained by Parkeet al.[10] and Vergankt al.[24]. The exact
0.0 0.4 0.8 12 16 mechanism of such ICF reactions is not clearly understood.

Several models have been proposed so[%f8|, as dis-
cussed earlier, to explain the ICF reaction mechanism. In
order to understand the various aspects of the ICF phenom-
ena, it is important to do a detailed study of the role of the
Igntrance—channel angular momentum and mass asymmetry.

component obtained by subtracting thece2 predictions from the An interesting question is to what extent this breakup is ac-

experimental data. Dotted lines are the simulated RRD’s for ICFCO”_ma_nled by fUSI(_)n of one Of_ the _tWO fragments of the
based on breakup fusion model. projectile. The recoil range studies, discussed in the follow-

ing section, are aimed at addressing this question.
agreement with the theoretical predictions. This is quite ob-
vious, as the rhodium products are formed from the CF of B. Recoil range distributions
2C with 8. Surprisingly, there is a disagreement by a _ o
factor of 2 between the theory and experiment for the prod- Figure 2a) shows the measured recoil range distributions
uct 9Rh for the entire region up to 86 MeV and for the for the products’’Rh, */Ru, and®*Ru at the beam energy of
product®®Rh beyond 75 MeV. Figure(lh) shows the experi- 84 MeV. The recoil range distributions of the above products
mental and theoretical excitation functions for tH&u and  are the simplest, consisting of a well-defined peak at a depth
%Ru products. The dotted curves correspond torthee2  corresponding to the expected recoil range of tH&h com-
calculations. As expected, the calculated values agree weflound nucleus. The width of these peaks reflects the perturb-
with the experimental results, thereby showing that the Rung effects of the evaporation of nucleons on the recoil ve-
products are formed vigxn channels after the CF of’C locity of the product, combined with the effects of straggling
with 8. From Figs. 1a) and Xb) it can be seen thatnand  and finite target thickness. The results of detailed modelling
pxn products are formed via deexcitation of the CN formedof the recoil range distributions predicted bycg2 for CF
in CF. There is agreement between the experimental andith suitable normalization are shown as the solid curves.
theoretical values in four out of the five evaporation residuesThis modeling procedure reproduces the distributions rea-
In view of the statistical nature of the calculations this can besonably well, thereby confirming the fact that the production
considered as a fairly satisfactory result. of these residues is purely by complete fusion. The above

(b) Range (mg/cm?)

FIG. 2. (a) and (b) Recoil range distributions of evaporation
residues in*>C+8Y. The continuous lines are theace2 predic-
tions for CF formation of ER’s. The dashed lines represent the IC
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distributions are also centered approximately around the TABLE Il. Contributions of CF and ICF cross sectionén mb)
compound nucleus recoil range. This indicates the absence o¥f the yields of Tc, Mo, and Nb isotopes in 84 MéXC on .
ICF in the formation of rhodium and ruthenium isotopes in
the system. Nuclei CF ICF
Figure 2Zb) shows the recoil range distributions of seven 95T 9
. . . C 59.3+5.1 33.8:3.4
residues from the reactions of 84 MeVC with *%Y. o

Whereas the®*Tc distribution consists of a single peak, at 937 667';'ng 671532
the range expected for a residue recoiling with almost theg,swIOm 50 4;3 5 13'411'4
CN velocity, the other products namely®>=%Tc, %Mo, 4 e .

®Nb, and ®Nb show additional components at a lower gomgg 2'78222'28

range. These components correspond to the two ICF pro-
cesses®%Y (*2C,a)%Tc* and ®Y (*°C2Be)**Nb* . In these re-
actions,« and ®Be act essentially as spectators during the )

reaction, so that the linear momentum transfer of the residué Y- nstead it may be formed by two proton transfer fol-

is reduced to 2/3 and 1/3 of the CN value, respectively. ~ lowed by emission of one neutron. _
Table 1l shows the ICF cross sections in the yields of Tc,

Mo, and Nb isotopes. The relative cross sections“ofTc
. _ ~was used to deduce tHie* and(l) of the IFC and thereby

In Fig. 2b) the dashed lines are the ICF cross sectiongyaluate the angular momenta involved in the ICF. This
obtained by subtracting the simulated RRD’s from the exmethod of obtaining the angular momentum distribution of a
perimental RRD’s. The low range component clearly reflectcN from the relative yields of ER’s is well establishizb].
incomplete momentum transfer in the ICF process leading tohe E* and(l) of the IFC, ®"Tc was varied in the range of
Tc, Mo, and Nb isotopes. The RRD for these ICF producty0—50 MeV and 25-35 respectively, and the yields of
was deduced using the breakup fusion m¢8¢IThe Monte  95T¢ and %4Tc were compared with experimentally deduced
Carlo simulation of RRD was carried out usiRgCE2 code  |CF cross sections for these products. The best fit with ex-
by supplying theE* and(I) of the incompletely fused com- perimental values was found foE* =46 MeV and (I}

C. Breakup fusion model analysis of the ICF

posite (IFC) nuclei *'Tc and ®*Nb formed in the binary re- =307, These values agree with the predictions of breakup
actions, fusion model as calculated above. The corresponding angular
1204 8% 97Tk 1 4He momentum of entrance channel would bex3)2=45%,

which agrees with thé,,,, value (45%) calculated using the
120 4-8%y 93\ b* +-8Be prescription of Wilczynski[26]. This shows that the ICF
' process is associated with peripheral collisions. This obser-

The E* of the intermediate nucleus’c*) was evaluated Vvation is in agreement with the predictions of sum rule

using the expression, model [7] that the ICF occurs only in peripheral collisions
involving | ,cg>1cg for CF. The CF cross section at 84 MeV
2/3Ea(97/10D + Qg .- beam energy was obtained from the excitation function data

measured experimentally in the present work, and taking the
It was found to be 48.48 MeV for the above systenEgh  cross section of a few stable residugS Ru 2Tc *Mo)
=84 MeV. The IFC was assumed to have a single spin valugom the pace2 code. These stable residues contributes only
equal to 2/3 times thg n;lax.of the entrangge channel, which 19_1504 of theoce. The oee value was found to be 1240
was found to be 3. Likewise theE* of **Nb* was evalu- 140 mb. The correspondintr deduced from therce
ated as value was 38. This value ofl g is in good agreement with

the Icr value of 3% calculated using the prescription of
131/ 931100+ Qgo. Wilczynski [26].
The calculated value was found to be 21.37 MeV, and the  Thus the present study has shown that ICF contributes
corresponding spin value was taken as 1/3 timeslghe,  Significantly to the total reaction cross section even at as low
that is 1%. The other input parameters were chosen the2n€rgy as 6 MeV/amu in case of lodheavy ion induced
same way as in the case PACE2 calculation for the CF reactions. The study reveals that ICF follows breakup fusion
process. The deexcitation of these incompletely fused commechanism in which the projectile breaks into the fragments
posite nuclei was followed and the RRD's for the Tc, Mo, (@ +°Be). Subsequently either of the two fragments can fuse
and Nb isotopes were generated. The simulated RRD’s a@ith the target nucleus bringing in the angular momenta in
shown as dotted curves. The simulated RRD’s reproduce thi&€ ratio of its mass to that of the projectile. The calculation
deduced RRD’s foP3-%Tc, Mo, and 2Nb except for the  ©f the(l) of the IFC formed in ICF from the relative yields
width which are rather narrow for the simulated RRD’s. This©f the **~%°Tc isotopes corroborates the peripheral nature of
can be attributed to the limitations in the simulation as thecollision leading to ICF.
angular distribution of the outgoing patrticles is not taken into
account. The break up fusion model fails to account for the
RRD of ®Nb. This is owing to the fact that theé* of IFC,
(°*Nb) formed by fusion of an alpha particle wifilY is not Excitation functions of twelve evaporation residues were
sufficient for emission of three neutrons to gi®b. This  measured in thé%c+8% system in the beam energy range
shows that®™Nb is not formed by alpha transfer frofdC to ~ 70—-87 MeV. RRD’s of ER’s were also measured at 84 MeV.

V. CONCLUSION
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Comparison of the excitation functions with the Monte Carloformed in ICF was deduced from the relative yields of the
simulation code suggests that there is a significant enhancécF products. The results corroborate the peripheral nature
ment in the cross section of theemission products, such as of the ICF.
93-%T¢ in this system, thereby indicating the contribution of

ICF processes. The simulation of RRD’s indicates significant
contribution of ICF in the Tc, Mo, and Nb products. The ICF

formation of Tc, Mo, and®®Nb has been explained in terms  The authors thank Shri. D. C. Ephraim for preparing the
of the breakup of'’C into a+8Be followed by fusion of thin metal foils and the operating crew of the PELLETRON
either of them with the target. However, the model fails tofacility for their help in carrying out the irradiations. One of
explain the ICF in®Nb product. This may be attributed to the authors(S.M.) thanks Nuclear Science Centre, New
the formation of this product by the transfer of two protonsDelhi for financial help through a UFUP project. Another
from projectile to the target followed by neutron emission.author(B.B.) thanks the Council of Scientific and Industrial
The average angular momentum of the intermediate nucleuResearch for financial support.
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