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The 8Ta(’Li,5n)'830s reaction: Measurement and analysis of the excitation function
and isomeric cross-section ratios
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Excitation function and isomeric cross-section ratios for the productidf®&™9 by “Li-induced reactions
on ®Ta are obtained from the measurements of the residual activities by the conventional stacked-foils
technique from threshold to 50 MeV. The excitation function and isomeric cross-section ratios for nuclear
reaction *®Ta(’Li,5n)*8%0<™9 are compared with the theoretical statistical model calculation by using the
ALICE/91, STAPRE andCASCADE codes. In the energy range of the present measurement the excitation functions
are fitted fairly well by both the geometry dependent hyli&dDH) model and the hybrid model of Blann with
initial exciton numbern,=7 (n,=4, n,=3, n,=0) using theALICE/91 code. The experimental isomeric
cross-section ratios are also reproduced fairly well by the calculation usingTt®&e code. However, the
CASCADE code calculations slightly underpredict the cross section but reproduce the shape. In general, the
statistical model under a suitable set of global assumptions, can reproduce the excitation function as well as
isomeric cross-section ratigsS0556-28188)02503-5

PACS numbgs): 25.70.Hi, 24.10.Pa, 25.70.Jj

[. INTRODUCTION function of incident particle energy, should therefore lead to
useful information on the spin-cutoff parameter as well as on
For many years there has been great interest in studyinidie level structure of the residual nuclei. The present work on
the reaction mechanism in medium-energy heavy-ion-’Li-induced reactions on the target nuclef§&Ta will supply
induced reactions. Most of the earlier studies have concersome new data in théLi energy range from threshold to
trated on studying the energy, angular momentum, an&0.0 MeV. In this work, calculations in the framework of the
charge distribution of the products emitted in heavy-ion re-equilibrium statistical model and preequilibrium model using
actions, while others are focused on multifragmentatiorthe codesALICE/91 [1], STAPRE[2], and CASCADE [3] were
which is intimately connected with that of a complex frag- performed and the results are compared with experimental
ment or intermediate mass fragments. In recent years thefxcitation functions and isomeric cross-section ratios.
has been considerable interest in the study of fusion and
incomplete fusioICF) in heavy-ion reactions at a projectile
energy range of 5-10 MeV/nucleon. The motivation for this Il. EXPERIMENTAL PROCEDURE
work is to use thée'Li ions and other heavy-_i(_)n beams from  The targets were commercially available thin self-
the BARC-TIFR Pelletron Accelerator Facility to study the sypporting foils. The average thickness of the target foils
fusion and incomplete fusion reaction mechanism by meagas determined by weighing. Each foil was cut out into a
suring the cross-section and isomeric cross-section ratios. kquare shape and pasted on a annular aluminum holder hav-
the case of a fusion reaction the highly excited nuclear sysing 21.0 mm as the outer diameter and 15 mm as the inner
tem decays by evaporating low-energy nucleons ammir-  diameter. There were six targets in the stack for the excita-
ticles at the equilibrium stage. In the case of the ICF reactionion function measurement. The stacks were irradiated in a
only a part of the projectile fuses with the target nucleus anadhamber specially constructed for this purpose by the Radio-
the other part moves in beam direction with almost the sam€&€hemistry Division of BARC Bombay, able to suppress
velocity as that of incident ion beam. The excitation func-electrons in the Faraday cup by applying negative bias. The
tions and isomeric cross-section studies are significant fobeam spot on the targets was limited to 5.0 mm in diameter
the investigation of the mechanism of nuclear reactions. Th&y using a stainless steel collimator in front of the targets.
excitation function and isomeric cross-section ratios of nu-The stacks were exposed to the analyzed beam from the
clei produced in the/Li-induced reactions on &%'Ta target 14UD Tandem Pelletron Accelerator Facility at TIFR Bom-
were measured by the conventional stacked foil techniqubay. The beam current on the targets was alboR00 enA.
for bombarding energieE<50 MeV for the ’Li ion beam.  The total ‘Li beam was collected and measured using a cali-
The experiments were performed at the BARC-TIBR-UD  brated current integrator.
Pelletron Medium Energy Heavy lon Accelerator Facility in The mean beam energy at half thickness in each foil of a
Bombay. stacked foil assembly was calculated from energy degrada-
The isomeric cross section ratios for a pair of isomeriction of the initial beam energy using the coefficients obtained
states are known to depend strongly on the spins of the isdrom fitting the stopping power data for different materials.
mers concerned as well as on the spins of the higher lying'he a-stopping power tables of Williamsoet al. [4] were
levels populating the isomers. Experimental and theoreticalised for fitting. Then the stopping pow8ifor a given com-
studies on the isomeric cross-section ratios, especially asl@nation of stopping medium and the heavy-ion beam and
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FIG. 1. Simplified level scheme of the isomeric p&fOs™9. & @
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its atomic numbarandS,; is the stopping power of the same CHANNEL NO.
medium for a reference iofw ion) of the same velocity and
of effective chargeZ,,;. The tabulation is then generated FIG. 2. Offliney-ray spectrum obtained with a high purity ger-
based on the arguments of the effective charge paranyeterManium (HPG@ intrinsic detector for7L|+181Ta.at the highest
(Z4,EIA,Z,) given by Hubert, Bimbot, and Gaviis]. The laboratory bombardlng energ{ylS.l?_MeV?. Shovylng the relevant
stopping power generated in this way is very similar to thai€!ayedy rays emitted from the radioactive residues.
generated by the coderIM. _ . o
Figure 1 gives the simplified level schemes of the iso-@nalysis of they-ray spectra and the efficiency calibrations
meric pair involved in the product nucleu€®0s™9. The  Of the detector were the same as reported in F&f.
separation energy between the isomeric levels concerned is The nuclear data necessary for the evaluation of the cross
small (=0.171 MeV) but the spins differ considerably. In S€ctions are presented in Table I. The haIf—hvgs of the radio-
18305 the ground state has a higher spin than the metastabfétive atoms are taken from Fhe chart of nuclides, #rays
state. The excitation functions fdiLi-induced reactions on ©€nergies, and branching ratios are taken from the table of
18173 were determined using the absolute yields of charadSotopes(Lederer and Shirley7]). In Table | only thosey
teristic delayedy rays pertaining to the decay of each radio-"aYs are I|s_ted which were chosen for the calculat|(_)n of the
active residual nuclei as usually done in the stacked foil tech€r0SS Sections. Th® values was calculated by using the
nique (for details see Ismai[6]). The measurement of atomic mass table of Wapstra and Adi.
18%04M9 radioactivities presented no difficulty since the de-
cay scheme of each of them is very simpl_e as shown in Fig. lIl. EXPERIMENTAL RESULTS
1 and the delayed-ray spectrum shown in Figs(& and
2(b). The calculation of the isomeric cross-section ratio The cross section and their ratios for the isomer pair
omlag for the isomeric pair'®0s™9 was straightforward ~**30s™? produced by the reactiotf*Ta("Li,5n)'*°0s™9 are
since o, and o, were determined independently of each presented in Table Il and Figs(s and 3b) as a function of
other. ’Li-ion bombarding energy. The experimental cross sections
The delayedy rays emitted by the irradiated target foils are in millibarns and presented along with an absolute error
were detected with the HPGe detectors available at TIFRf only =10%. The absolute errors are also shown as error
(Bombay as well as VECC at Calcutta. The efficiency cali- bars in Figs. 83 and 3b). For most of the data points, the
brations of the detector were done with a stand&t@Eu  error bars are the same size as the symbols. The absolute
radioactive source. The rays used in the yield determina- error consists of uncertainties due to target foil thickness
tion (listed in Table | and displayed in Fig) 8tand out very (*3%), thebeam current integration{5%), thedetector
prominently in the spectra and did not pose any identificatiorefficiency (+5%), and theanalysis of they-ray spectrgsta-
problem. They-ray spectra from the HPGe spectrometerstistical uncertainty, generally &2%). The uncertainties
were recorded on 3.5 in. diskettes by using a PC-based dataused by the large size of the irradiation area and the non-
acquisition system. The spectra were later analyzed by peuniformities of the target contribute about-§%) to the
sonal and super-32 computers at our center. The methods afierage error of the cross section. The percentage of the
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TABLE |. Half-lives, y-energies, and branching ratios of thedecays andQ values for ’Li-induced

reactions ont®'Ta.

Half- E, Q values
Nuclide life (keV) I, (%) Reaction (MeV)

1830g" 9.90 h 1101.93 49.01 181Ta("Li,5n) %%0s —30.385
1107.91 22.40

1830¢ 13.01 h 114.47 20.60 181 a("Li,5n) %%0s —30.385
167.84 8.81
381.76 89.61
851.48 4.56

absolute errors£7%) for the isomeric cross-section ratios
are smaller than those for the cross section because errors
due to target foil thickness, target nonuniformities, and the

. . . . . 1400 T T
beam charge integration do not enter into the isomeric cross (@)
section ratio calculation. The uncertainties given for the en- a
ergy values are those of target thickness only. The reaction 1200 1~
cross-section and isomeric cross-section ratios were mea- @
sured for the first time, therefore, no comparison could be E jooo
made. Z  soof
=
IV. NUCLEAR MODEL CALCULATION 8 600 -
w
It is well known that the compound statistical model gives 400 -
a correct overall description of the excitation functions and &
particle energy spectra in nuclear reactions at medium ener- (8 200
gies(E<10 MeV/nucleon. However, the calculations fail to 8
account for all details such as the exact position of the maxi- ole
mum or the slope of the ascending and descending parts of 10" ' r
the excitation functions. The high-energy part of the excita- (b)
tion functions are dominated by preequilibrium reaction
mechanism whereas the low-energy parts are dominated by
evaporation with its characteristic peak. We have investi- 10° -
gated the nuclear mechanism of the nuclear reaction .
18Ta+"Li by using the three computer codesice/o1 [1], =
STAPRE([ 2], andCASCADE [3] which are based on compound b -
statistical model. % 0 r
A. ALICE/91 code calculation b -
The ALICE/91 code[1] describes the process of equilib- o r ]
rium evaporation of particles angt rays in terms of the
Weisskopf and Ewing mod¢R] and the preequilibrium re-
action mechanism according to the hybrid and geometry- 1073 1 1
dependent hybrid modéGDH) [10]. The statistical part of 30 40 50 60

ALICE/91 [1] can account for a large variety of reaction types.

TABLE Il. Experimental cross section for théLi-induced re-
action with 18'Ta,

ENERGY (MeV)

Cross section of the product in mb

S. Energy in

No. (Mev) 809 804" omlog

1 48.171.83 1161.6%92.93 113.4%9.07 0.0980.007
2 44.38:1.92 772.8%61.83 92.747.42 0.12@:0.008
3 40.37:2.03 259.6420.77 40.4%3.23 0.156:0.011
4 36.25-2.15 2416 1.93 4.49-0.36 0.186:0.013
5 31.79-2.31 0.05= 0.01 0.01-0.01 0.20*+0.08

FIG. 3. (a) The total residual production cross section in mb for
the reaction'®'Ta(’Li,5n)'%°0s (@) are plotted as a function of
"Li-ion bombarding energy. The solid and dotted lines are, respec-
tively, the geometry-dependent hybrid model and the hybrid model
fits using the codeaLice/el with No=7, N =4, Ny=3, and Ny,
=0. The dashed line is theascaDE code calculation(b) The iso-
meric cross-section ratios for the isomer p&ifOs™9 plotted (M)
as a function of'Li-ion bombarding energy. The solid curve is the
STAPRE code calculation with FM500 MeV? and »=1.0. The
curves with other sets of parametdsee Sec. IV B are indistin-
guishable with the plotted solid curve.



57 THE 8Ta("Li,5n)8%0s REACTION: ... 1293

The evaporation of neutrons, protons, and clusters such a®nsideration of angular momentum and parity using the
deuteron andx particles were consideredVeisskopf and Hauser-Feshbach formalisfl4]. For the emission of the
Ewing [9]). The binding energies an@ values used in the first particle preequilibrium decay is also taken into account.
present code are based on experimental ma¥gapstra and  The preequilibrium emission of the particles were treated in
Audi [8]). TheALICE/91 code[1] stores experimental masses the framework of the exciton modgl10]. The STAPRE code

in a data file. Whenever the nuclear masses are not availablé] has been used to calculate the isomeric cross section ra-
in the data file they are calculated from the Myers and Swiali0s for ‘Li-induced reactions which can take into account up
tecki mass formuld11] (liquid drop masses with pairing 0 SiX se_quentlal _evaporatlon_of particles apdays. Each
We have used the option in the default version of GDHEVaporation step is treated within the framework of the sta-
whereby only the first collision is localized according to thet'St'C"le r.nodell with the consideration of angular momentum
impact parameterBlann and Vonach{12]) with all the and parity using the Hauser-Feshbach formaligd. Direct

higher order precompound terms being treated by the hybri'ci1 t?l_rﬁgt';;rsag:{:r:?Jtsgzniﬂdtﬁ;egmp%[2] were gener-
model, i.e., using nuclear densities averaged over the nucley y the accepted ones. For the calculation of the transmis-
and independent of the impact parameter. This is reasonabieron coefficients of vari.ous particlésuch as neutron, pro-
because the excitons can sample nearly the entire nucle n, , and ’Li) the default global set of the optical ’model
volume after a single scatterin_g since the mean free pat?él(/l) ,parameters of theLcAaLc subroutine of thecASCADE
(MFP) values_are;~4.74 fm. The inverse Cross sections Werecode[3] were used. For the neutron, the OM parameter set of
calculated using the optical model subroutinenofe/o1 [1],

) Rapaport[15] and Wilmore and Hodgsohl6] was used,
where the optical model parameters were those of Becche%hiﬁ)e pfor proton, the OM parametergset of Becchetti and

and Greenleegl3]. The Fermi level density used is of the G -

a s/ —1a reenleeg13] was used. In the case of particle, the OM
form . p(u)—(\/F/12)(u— 0 an exp2va(u— 5)]_' parameter sets of Satchldr7], McFadden and Satchlgt8],
whereu is residual nucleus excitation, is the level density 4 Huizenga and 1g$19] were used. And forLi, the

—1 . . . . y
parameter taken a&/9 MeV, which is the default option  ganaral heavy-ion OM potential parameter set obtained from
of the code, and?:l%/ﬁ MeV the pairing energy shift, /o5 et al.[20] was used. The transmission coefficients for
with either a back shifted or sta_mdard pairing shift option. . rays with transition energy , are expressed by thgray
We have used the standard option. In éeriori formula- gyrength functiorfy (e,) for the multipole radiation of type
tion of the hybrid and geometry-dependent hybrid model, the¢| For theE1 strength function the Brink-AxdR1] model
intranuclear transition rates are calculated either from the i, global parameters was used and Ft, E2, M2, E3

imaginary part <_Jf the optical model or from the free nucleon-_ M3 radiations, the Weisskopf model2] was used. For
nucleon scattering cross sectidt?]. We have used only the e rgies, spins, and parities of the discrete levels of the re-

optical model option for calculating the intranuclear transi-giq,al nuclei. the lowest 15—20 levels in RET] were used.
tion rates. I . i o The level density formalism of the back-shifted Fermi gas

we ha\ie take_n an initial exciton configuratioh=7 oqe| expressed by Lari@3] was used for the continuum
(N, =4, ”p?3*7”hf0) which is equivalent to a break-up of gycitation energy region. The level density parameder
the incoming ‘Li ion in the field of the nucleus and the _ g yas used for all nuclei, whereis the mass number of
nucleons occupying excited states above the Fermi energye nycleus. The spin distribution of the level density was
gives a better description of the excitation function compareg, 5 acterized by the effective moment of inefig; or bet-
to other configurations for théLi-ion bombarding energies ter by its ratio to rigid body moment of inerti®,, (7

rig

up to 60.0 MeV. In Fig. &) the total residual production = ©/Oyy). Since isomeric cross-section ratios are ex-

cross section in mb for the sum of isomeric cross sections fo : . .
. . . ected to depend strongly on the effective moment of inertia,
the reaction'®Ta(’Li,5n)'%0s (closed circley are plotted b D o

s EA . .. all the calculations were performed fegr=0.5 and»=1.0.
as a function of the'Li-ion bombarding energy. The solid |, (he sTaprE code the preequilibrium emission of the par-

and dotted lines are, respectively, the geometry-dependefities were treated in the framework of the exciton model

hybrid and hybrid model fits. 10] having the following ingredients. For the initial exciton
In the energy range_of the measurement both th. onfigurations Poh,) we used(7,0) for ’Li ions. The tran-

geometry-dependent hybrid model and the hybrid model filii,n" rates were calculated using the formulas of the

tEe eX(IZItE}tIQI’I functions reason(a:lbly \_/éell_taklrrl]g "m'tlét'ogs OfF\i\]/illiam-Cline model[24]. The average residual two-body
the calculations into account. Considering the mulitudes of iy element that appears in the transitions rates Ao,

uncertainties in preequilibrium calculations such (Bsthe and\ _ formulas as a function of mass and enefgsoposed
range of equilibrium and preequilibrium reaction cross secby Ka]bach-CIine[ZS]) is expressed as

tions involved, and(ii) in parameters such as the inverse
reaction cross sections and level densities, etc. B[didh IM|?=FMA3E1, 2
considered that a result which is within a factor of 2 of the

experimental result in the absolute cross section and WhicguyhereE is the excitation energy of the composite system

he quantity FM is a constant with the dimension of
(MeV)? and generally treated as a free parameter so as to get
a good fit to the experimental data. The values used for the
Li-ion-induced reactions were in the range &M

In the sTAPRECOde the evaporation of particles apdays = (500—1000) (MeV§.
are treated in the framework of the statistical model with In Fig. 3(b) and Table Il the isomeric cross sections ratios

generally has the correct spectral shape and variation of yiel
with excitation energy is an encouraging result.

B. sTAPRE code calculation
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(closed squargsare presented along with their absolute er- V. CONCLUSION
rors (=7%). Theexperimental isomeric cross-section ratio
is practically constant within experimental errqgenerally In the energy range of the measurement, both the

=7%, except for the energy value of 31.79 MeV, where thegeometry-dependent hybrid model and the hybrid model
error is =40%) through out the bombarding energy range (aLice/o1 code calculationsfit the excitation functions rea-
without showing any tendency to decrease or increase, whickonably well taking limitations of the calculations into ac-
means no preference for any of the states to populate. Theyunt. The experimental isomeric cross-section ratios
calculations for cross-section and isomeric cross-section rgsTAPRE code calculationare reproduced fairly well by the
tios have been done for the fq_llowing sets of parame@®'s: giculation by the seii) FM =500 (MeV)3, 7=1.0. How-

FM :509_,('\/'6\/)3' 7=0.5, (i) FM=500 (M_eV)S, 7 ever, thecAscADE code calculations slightly underpredicts
=10, (i) FM=1000(MeV}, #=05, (V) FM e neacired cross sections. Considering the multitudes of
=1000 (MeV}’, »=1.0. Since in the energy range of the | o iainties and limitations of the calculations into account,

present experiment the preequilibrium emission 15 nOt.Vnghe statistical model in the range of the present experiment
significant, all the four sets of the calculations are WlthlnCan reproduce fairlv well the excitation function and iso-
20% of each other. Hence the calculations for GgtFM meric fross-sectionyratios
=500 (MeV)?, »=1.0 are being presented in Figh® The :
experimental isomeric cross section ratios are reproduced
fairly well by the calculation.
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