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This experiment has been done with a view to studying complete and incomplete fusion in heavy-ion-
induced reactions. Excitation functions for several reactions induced?@y ions on ®Ho at incident
energies from 55 to 80 MeV have been measured using the activation technique. The analysis of the data has
been done using the codesce-91 andcAsCADE. The parameteF ,, the ratio of actual moment of inertia to
the rigid-body value, has been found to play an important role in the calculations done by theascdeEe.
Significant contributions from both the complete and the incomplete fusion channels have been observed.
Further, in the case of the reaction (Bn) considerable contribution from the decay of higher charge isobar
precursor has been observed.

PACS numbd(s): 25.70.Gh.

[. INTRODUCTION been used to measure the excitation functions for the produc-
tion of various isotopes in the interaction &iC with the
The study of nuclear reaction mechanism in heavy-ion-***Ho system at incident energies starting below the Cou-
(HI) induced reactions has attracted nuclear physicists folomb barrier(~55 MeV) to well beyond it(~80 MeV). In
many years. Recent literature reports that complete fusiothe present study, theoretical calculations have been done
and incomplete fusion are the possible reaction mechanisnsing the computer codesICE-91 [6] andCASCADE[7]. The
in Hi-induced reaction§1—4]. At lower excitation energies, C0deALICE-91 performs the compound nucleus calculations
the decay of compound nucleus after attaining the therma}long with PE emission, while the codascADE performs
equilibrium is the dominant reaction mechanism. HoweverPUre statistical model calculations. _
at moderate excitation energies, preequilibriGRE) emis- A brief description of the experimental details and formu-

sion also starts competing. The evaporation of the |OW_Iat|ort1 IIS glver][ n tS'ec.t;ll. tSectI?E IIH ItS Qetvoged to the ex_petrr:-
energy nucleons may follow PE emission. PE emission remental uncertainties that are fikely 1o introduce errors in the
L measured cross sections. Results obtained from the experi-
duces the excitation energy of the compound nucleus . ; )
considerably, leading to an increase in the width of the ex-ment are presented and dls_cussed n Se_c. V. Conclusions
o i’ . drawn from the present studies are given in Sec. V.
citation functions. Further, the number of particles that are
subsequently evaporated is reduced.

Depending on the angular momentum carried by the pro-

jectile, the process of complete fusion or incomplete fusion The experiment has been carried out using the Pelletron
of HI's may take place. In the former process, the entireaccelerator facility at the Nuclear Science CentsSC),
angular momentum of the projectile is transferred to theNew Delhi, India. Rolled natural Holmium foils (purity
composite nucleus. However, in the latter one, only a part of~99.9%) of thickness-2 mg/cnf were used as target. The
the projectile may fuse with the target nucleus and the rex transmission method based on the measurements of the
maining part is stripped off. This process is also known asnergy lost bya particles while passing through the sample
breakup fusion. In the process of incomplete fusion, the anhas been utilized to measure the thickness of each target
gular momentum carried by the composite nucleus dependadividually. The calibratec?**Am a source was used for
on the mass of the fused fragm¢8i. The higher the angular these measurements. Individual samples backed by alumi-
momenta, the smaller the mass of the absorbed fragmenum catcher foils of thickness-1 mg/cnf were irradiated
Previous studies of the interaction &C with **Au, and  with a '2C%* beam of current-30 nA at four different en-
18Ta by Parketet al. [3] and Verganiet al. [1,5] provide  ergies viz., 55, 62, 71, and 80 MeV. Keeping in view the
indications of carbon breakup and fusion®fe anda frag-  half-lives of interest, the irradiations were performed for 4—5
ments with the target nucleus. Also, the emission of PEh duration each, in the one meter general purpose scattering
nucleons below 10 MeV/nucleon from the composite nucleughamber(GPSQ having invacuum transfer facility. The in-
created in the complete fusion reaction has been indicatedcident flux of the'C beam was determined from the charge
As a part of a program to study complete and incompleteollected in the Faraday cup using an ORTEC current inte-
fusion in HI-induced reactions, an activation technique hagyrator device, as well as from the counts of the two Ruther-
ford monitors kept at-30° with respect to the beam direc-
tion. They were found to agree with each other within 5%.
*Electronic address: sunitgupta@mailcity.com The activities induced in the target-catcher assembly were

Il. EXPERIMENTAL DETAILS AND FORMULATION
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TABLE |. Radioactive properties of residues identified. TABLE Il. Measured cross sections for the production of Ta
isotopes.

Isotope Half-life J7 E, (keV) Abundancé)

Epb MeV)  o(Y#Ta) (mb)  o(*"%Ta) (mb)  o(*"?Ta) (mb)

soTal™ 1.18 h 3 206.38 57.70
55.0£1.1 46+ 6 132
s 172.19 17.00 62.0+0.9 62-8 200+ 27
73l 3.65h 5/1Z 180.58 2.10 71.0+1.0 112 336+ 44 83+ 11
70112 1.20 80.0+0.9 2+0.3 122+ 16 28738
1029.90 1.60
213.96 52.00 . . .
318.75 4.96 A polyn0m|al of degreg 5 having the following form was
LTal™ 36.8 m 3 1085.58 760 found to give the best fit for these curves:
1109.23 14.00 2 3 4 5
1330.33 7.60 Ge=agpt+a; X+ aX*+azX°+a,X"+asX 2
139.63 12.30 with coefficientsay, a;, a,, as, a,, ag having different
7H 23.6h 12 162.02 6.50 values for different source-detector distanc¥sbeing the
306.59 6.30 energy of the characteristig ray.
311.24 10.74 In the case of mixing ofy rays originated from different
14711 16.20 isotopes, the contribution from each isotope has been sepa-
o 2 ' ' rated on the basis of their half-lives, by following the in-
72Hf 121h 7t 469.20 38.00 duced activity for a considerably long period. Further, the
662.25 100.00 same residual nucleus may be produced by the activation and
1071.81 56.00 by the decay of higher charge isobar precursor nucleus
LUt 824 d 717 739.83 48.10 through 8 emission or.electr.on captu(EC). In such cases,
169 the characteristig-ray intensity has contributions from both
21Lu 1.42d 712 191.21 20.70 - -
L6 15 217 239 14 8.20 the channels. In the case presently studied, the half-life of the
7Y 167 ~m - : : precursor is considerably smaller than that of the residue.
691”‘165 i'ggg i;z* ;2;;3 4;'28 Therefore, the cumulative cross sections have been deter-

mined by analyzing the induced activities at times greater
than about eight to ten half-lives of the precursor. The cu-
mulative cross section of a given residue is the surfi)dfs

followed off line, using a high-resolutiof2 keV for 1.33 independent production cross sectifin cross section for
MeV 7y ray of so(’:o) HPGe detector of 100 chactive vol- the independent production of its precursor multiplied by a

ume coupled to the ORTEC's PC-based multichannel andé]umerical coefficient which depends on the _branching ratio
lyzer. The HPGe spectrometer was calibrated using variou r precursor decay to residue, anq the half-lives of _the pre-
standard sources, i.€2Na, %Mn, 5°Co, %%Co, 1384, 137Cs, ~ CUrsOr gnd the residue. The followmg decay analy3|§ given
and 15%Eu of known strengths. The-ray spectra recorded at by Cavinatoet al. [9] h_as _been used in order to obtain the
increasing times were analyzed employing the ORTEC recursor decay C(_)ntrlbutlons.. . .

peak fitting program MCA. The residues were identified by If_ a p_re(_:ursorP Is formed .W'th cross sectionp durln_g
their characteristig radiations and half-lives. The intensities th€ irradiation, and decays with half'l_'ﬁ{/% and a branching

of thesey rays have been used to compute the experimentdPti0 Pp, t0 @ daughter nucleus which is produced with
cross sections corresponding to the various radioactive res‘i?—rossteCt'om’D during the irradiation and decays with half-
dues. The half-lives of the residual nuclei, characteristidife T1, the cumulative cross sectiar for the production
y-ray energies, abundance, etc., are taken from the Table &f daughter is given by

Isotopes [8] and are given in Table I. The geometry-

dependent efficiency Ge) of the detector for different oc=0p+Pp[ 10 (To~Ti)]op. ©)
source-detector distances was computed using the relation

@Relative abundance of characterisjidines.

TABLE IIl. Measured cross sections for the production of Hf

Ge=Ngy/Ne M, (1)  isotopes.

where N, is the disintegration rate at the time of measure- o(*7*Hf) (mb) o(*"Hf) (mb)
ment, N, is the disintegration rate at the time of manufac- . :

- . . E . (MeV | | |
ture, \ is the decay constant,s the time lapse between the v (MeV) Cumulative ndependent Cumulative
manufacture of the source and the start of countéig, the 62.0+0.9 248+33 11+2
branching ratio of they ray. The standard/ sources were 71.0+1.0 843-112 446- 60
used for this purpose. The values®§ thus obtained, were 80.0+0.9 54773 404+54 145+ 22

plotted as a function of energy using the prograRRPHER
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In the case of the residual nucleus emittipncays of more TABLE IV. Measured cross sections for the production of Lu
than one energy, the cross section for the same reaction higotopes.
been determined separately from the observed intensities &f
all the identifiedy rays. The weighted cross sectift0] is ~ Eian (MeV)  o(*"Lu) (mb)  o(**Lu) (mb) o (**Lu) (mb)
taken as the .final experimental value. . . 62.0-0.9 112 14+ 2 6= 1
poCopeenal) nessured enclon i seCknS 71gei0 aed e o
’ 80.0+0.9 140+ 21 21+3 36+5

Oy =A\ eXF()\tz)/No(]seK(GS)

18%Ho0(C,3n)"*Ta,%Ho(C,4n)1°Ta,®*Ho(C,5n) 1 "?Ta,
X{1l—exp —\ty)H{1—exp(—At3)}, (4)

18%0(C,p3n)"3Hf, 1% Ho( C,p5n) " Hf,**Ho(C,a2n) " YLu,

whereA is the observed counting ratd, is the number of
target nuclei,¢ is the incident beam flux,; is the time of

irradiation,\ is the decay constant of the residual nucleys,
is the time lapse between the stop of irradiation and start of
counting,t; is the data accumulation timé,is the branching
ratio of the characteristicy ray, Ge is the geometry-
dependent efficiency of the detectérjs the self-absorption
correction term.

185H0(C,a4n) %L u, 1%Ho(C,6n)*%"Lu,

185H0(C,2a2n) ¢ Tm, ®Ho( C,20:4n) 15T m.

A brief description of how these isotopes may be formed
through different reaction channels is given here. These iso-
topes can be formed by the complete fusioné® with
1680 followed by the emission of the, p, and/ora particle.
In addition to this, Hf isotopes may also be produced in the
1. EXPERIMENTAL UNCERTAINTIES IN THE decay of the higher charge precursor Ta isobars. In the case
MEASUREMENTS of Y"3Hf, the cumulative cross section has been determined
) by following the activities at times longer than about 8—10
Apart from the errors due to the uncertainty of the nucleaf,5ji.lives of the precursor because of the comparatively

data, like the branching ratio, decay constants, etc., the inagy,orter half-life of the precursdirepresented by filled tri-

curate estimate of the foil thickness may lead to an uncer‘;ingleS in Fig. 23]. The independent cross section for the

tainty in determining the number of target nuclei and may roduction of'”*Hf has been determined using the following
introduce errors in the measured cross sections. The error E‘x ression:

the thickness of the sample material is expected te<héo. P '

Errors may arise due to fluctuation in beam current. These o= o) + 1,182 96r(17Ta) )
were minimized by continuously monitoring it. An acciden- cum '
tal stop of beam(if any) and any appreciable fluctuation of
the beam intensity during the irradiation was taken care og

while calculating the total irradiation time. It is estimated ¢ "o production has been obtained, because the cross sec-
that in the present experiment, the beam current fluctuationt?On for the production of its precursc;r i d71Ta could not

may introduce<3% errors. Uncertainty in the fitting of the be computed due to its complex mixing withrays from

efficiency curve(<3%) and also the solid angle effect other channels. Similarly, the Lu isotopes may also be

(<2%) [12] may lead to inaccuracy in the measurement of - - ;
detector efficiency. The statistical error in the counting of th formed in the decay of the higher charge isobar precursors of

o . ®Ta and Hf. Another channel for the production of these iso-
standard source was minimized by accumulating data for

fopes may be the incomplete fusion e fragment(if 12C
comparatively longer timé~3000 3. The statistical fluctua- : 8
tion in efficiency is estimated to b&€2%. In order to mini- undergoes breakup inta and "Be fragments followed by

' \ < the emission of neutrons. The contributionétLu isotope
mize the loss due to the nuclei recoiling out of the target, th(?rom the precursor decay ofHf at 62 and 71 MeV is

sample and the catcher foil were counted together. Error "?axpected to be negligible because of the relatively high value

the incident beam energy has been determined by calculatin(% threshold energy~62 MeV) for the latter. However, at

the energy spread in half of the sample thickness with the, w1/ he measured cross section #éiLu is cumulative.

help of the stopping power tables of Northcliffe and Schill- : )
ing [13]. In addition, there may be an inherent energy uncer_Moreover, the Tm isotopes may be formed by the incomplete

tainty in the beam energy.

btained from Eq(3) and are shown by filled circles in Fig.
(a). In the case of"Hf, only the cumulative cross section

TABLE V. Measured cross sections for the production of Tm

isotopes.
IV. EXPERIMENTAL RESULTS AND DISCUSSION Ey, (MeV) o(15"Tm) (mb) o(1%Tm) (mb)
A Results 62.0+0.9 5+1 99+ 14
Reaction cross sections at different incident energies start- 71.0+1.0 34+ 4 336-47
ing near the Coulomb barrier to well above it have been gpo+0.9 109+ 15 252+ 37

measured for the reactions
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i ,/l- s FIG. 2. Excitation functions for thé®Ho(C,p3n)"Hf and
b 7 16%0(C,p5n) 1" Hf reactions. The experimental data including the
2 L : precursor contribution is indicated by filled triangles. (® the
10 £ e 3 filled circles represent the cross section for the independent produc-
5 ] tion of the"*Hf isotope obtained by the procedure described in the
) ] text. The dashed curve corresponds to the theoretical predictions of
| | ! the codeaLicE-91 with ng=12.
50 60 70 80
E |ab (MeV) nucleus calculations and the PE component is simulated us-
: ing the Hybrid model[15]. Further, it does not take into
FIG. 1. Excitation functions for 8Ho(C,3)'™Ta, account the possibility of incomplete fusion. Like all semi-

classical models, inLICE-91 calculations the equipartition of

circles represent the experimental data. The dashed curve corrg-nergé/ an;'or;]g' thre1 initial e);cll—zled par'tlcles and holk()as IS as-
sponds to the theoretical predictions of the cedeE-91 with n, sumed, which in the case o reactions may not be a very

=12. The compound nucleus calculations are represented by tH&°0d approximation. In general, the input parameters, initial
dash-dotted curve. exciton numbemngy and the mean free path multiplier COST

largely govern the PE contribution, while the level density
parametera affects the equilibrium component. The level

. . l -
];Léselofcac;fn?efr:gsgr'nl'ﬁgt(pl)freszgn't:;dni;gac;i?e%reca;ggg ?;Zt%lds rodensity parameter constakthas been calculated from the
the production of Ta, Hf, Lu, and Tm isotopes at differenteXpressmmzA/K’ where A s the atomic mass of the com-

o . : : pound system. The value affor the system has been taken
|nC|de_nt energies are given in T"?‘b'es IV, and V, re- from Dilg tables[16] for the back-shifted Fermi-gas model.
spectively, and are shown graphically in Figs. 1-7. In the present calculations, the experimental data is satisfac-
torily reproduced withK=9.5. For the separation energies
and level density ground-state shifts, we have used the op-
tion that substitutes Gove mass tablgks] for Myers-
Swiatecki-Lysekil massefgl18] including shell corrections.
The codeaLIcE-91 facilitates the calculations for both Inverse cross sections have been calculated by optical model
equilibrium and PE emission cross sections. In this code theubroutine and the parameters of Becchetti and Greenlees
Weisskopf-Ewing mode[14] is employed for compound have been used. The initial exciton configuratiog=12

18%0(C,4n)1"°Ta, and %Ho(C,5)'"?Ta reactions. The filled

B. Discussion

1. Analysis with codeiLICE-91
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FIG. 3. Excitation functions for thé®*Ho(C,a2n)*"Lu and
16%0(C,4n) 1%Ly reactions. The filled circles represent the ex-

perimental data. The dashed curve corresponds to the theoretical
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predictions of the codeLice-91 with ng=12.

(n,=6, n,=6,n,=0), which is equivalent to the breakup of
incident *2C ion in the field of the nucleus and the nucleons
occupying excited states above the Fermi energy has been
taken in the present calculations. The calculations done as-
sumingny=12 satisfactorily reproduces the measured exci- | ] |
tation functions for (Cxn) (x=3,4) reactions at higher en- 50 50 70 80
ergies. Further, the peaks of the measured excitation E, . (MeV)
functions were observed to be shifted towards the higher tab
energy side in comparison to the corresponding calculations
with the codeaLICE-91. This may be attributed to the factthat  FIG. 4. Excitation functions for the®*Ho(C,a)*"*Ta,

in HI reactions the projectile imparts large angular momen-"*Ho(C,41)**Ta, and '**Ho(C,5)*’Ta reactions. The filled
tum to the composite system. If, in the last stages of nucleggircles represent the experimental data. The theoretical predictions
deexcitation, higher angular momentum inhibits particleof the codecascape with F,=0.15,F,=0.50, andF,=0.85(de-
emission more than it doegemission, then, the peak of the fault value are represented by dash-dotted, dashed, and solid
excitation function corresponding to the particle emissioncUrves, respectively.

mode will be shifted to higher enerdyt9]. A similar shift

may also be produced if the mean energy of the evaporatgsared to the light ion reactions, since the rotational energy is
particles increases with increasing nuclear spin. One magnuch greater in case of HI reactions. Since the angular mo-
obtain an estimate of the possible size of an overall energgentum effects have not been considered in the pure
shift from the nuclear rotational energy. For a rigid-body Weisskopf-Ewing calculations of the present version of the
moment of inertieE,,,~ (M/M)E,,,, wherem/M is the ratio  code, it is desirable to shift the calculated excitation func-
of the projectile and target masses &g, is the incident tions by the amount approximately equaBg; as calculated
energy[19]. In the present case at incident energies 55, 62above. It has been observed that thece-91 calculations

71, and 80 MeV the rotational energy varies from 4 to 5.8satisfactorily reproduce the experimental data when the en-
MeV. The effect is more pronounced in HI reactions as com-ergy scale of the calculated excitation functions are shifted
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FIG. 5. Excitation functions for thé®Ho(C,p3n)1"*Hf and . -7 |
16%0(C,p5n)*"Hf reactions. The figure caption is the same as that 50 60 70 80
for Fig. 2 with the theoretical predictions of the codescAbE with E |qp (MeV)
a

F,=0.15,F,=0.50, andF ,=0.85 (default valu¢ represented by

dash-dotted, dashed, and solid curves, respectively. FIG. 6. Excitation functions for the'$®Ho(C,a2n)'7"Lu

16%0(C,4n) Ly, and*®Ho(C,a6n)*"Lu reactions. The filled
by respectiveE,; values. The experimentally measured andcircles represent the experimental data. The theoretical predictions
theoretically calculated excitation functions are shown inof the codecascabe with F,=0.15,F,=0.50, andF ,=0.85 (de-
Figs. Xa)-1(c), for (C,xn) (x=3-5) reactions. Surpris- fault valug are represented by dash-dotted, dashed, and solid
ingly, theALICE-91 calculations for (C,B) do not match with ~ Curves, respectively.

the experimental results but the overall shape of the excita- . . . .
tion function is reproduced. using the optical model potentials of Becchetti and Greenlees

[21] for neutrons and protons and that of Satchi&t] for «
particles. The value of the level density parameter congtant
chosen here is the same as the one used in theaate91.

The statistical codecASCADE [7] is based on Hauser- As may be observed from Figs(a}—4(c), the measured ex-
Feshbach theor}20]. It does not take into account the pos- citation functions are not consistently reproduced by the cal-
sibility of fission, PE emission, and/or incomplete fusion. A culations done with the default set of parameters. In an at-
formula derived from the Fermi-gas model is used for calcutempt to consistently reproduce the measured excitation
lating the level densities for the product nuclei. The generafunctions using this code, the sensitiveness of calculations to
input data, like the mass of nuclides and the transmissiotthe values of input parameters has been studied. In particular,
coefficients for the emitted particles have been computed ughe parametef ,, which is the ratio of the actual moment of
ing the computer codedAss and TLCALC, respectively, for inertia to the rigid-body moment of inertia of the excited
the range of interest and stored permanently on the disc. Theystem, has been found to affect the calculated excitation
transmission coefficients in these calculations were generatédnctions considerably. The default valueFgf(=0.85) does

2. Analysis with codecAscADE
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2 ' " duction of *Tm and %°Tm isotopes via (Ca@xn) (x
=2,4) reaction channels, respectively, are shown in Figs.
7(a) and 7b). Both the codes:LICE and CASCADE predict
negligible cross sections for these reaction channels and, as
such, corresponding theoretical calculations are not shown in
these figures. The enhancement in the experimental cross
sections for (Cgxn) and (C,2vxn) channels as compared to

= theoretical predictions may be attributed to the fact that these
] channels are populated not only by the complete fusion of
] 12C with 1o but also through the incomplete fusion®gfe

and “He with *®*Ho, respectively.

1671 m

T TTTTT

2
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10
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o (mb)

V. CONCLUSIONS

103 (b ; : - The excitation functions for ten reactions induced'8g
] incident on'®*Ho have been measured employing activation
1651m . technique. In the analysis with codeIiCE-91, there are indi-
+ ] cations of some PE emission. A valuergf=12 is found to
+ satisfactorily reproduce the measured excitation functions for
the complete fusion channels. In the calculations with code
CASCADE, which does not include PE emission, the default
set of parameters do not reproduce the measured excitation
functions and the role of the parameter required for scaling
| . , the moment of inertia is found to be quite important. Further,
50 70 80 the theoretical calculations suggest that at higher incident
energies, the Lu isotopes formed via 6&n) reactions may
be produced by the evaporation of oaeparticle and neu-
trons. However, the enhancement in the experimentally mea-
FIG. 7. Experimentally measured excitation fgnctions for thesured cross sections for Lu and Tm isotopes at incident en-
'%*Ho(C,222n)**'Tm and**Ho(C,2x4n)***Tm reactions. ergies 62, 71, and 80 MeV, as opposed to the theoretical
not reproduce the measured excitation functions. MoreovePred.iCtions’ indicate that the' major contribqtion to their pro-
duction may come from the incomplete fusion&fe anda

a value ofFF, equal to 0.50 obtained from the rota’[ionalf ts. This is al red by teluster struct ¢
energy bands of thé’"Ta nucleug23] also does not repro- lrzacgmen S. TS 1S also supported by weluster structure

duce the measured excitation functions. However, a value of

T IIIIIII
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¥ llllf'N
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F, equal to 0_.15 gives satisfactory reproo!ucnon of the mea- ACKNOWLEDGMENTS
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