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130 Te(«, T53)m m I have been measured using stacked foil technique and have also been calculated

using statistical model with and without the inclusion of pre-equilibrium emission. As expected,

inclusion of pie-equilibrium emission in compound nucleus calculations agree well with the exper-

imental excitation functions. The pre-equilibrium fraction has been found to be energy and target

mass number dependent.
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1. INTRODUCTION

Recent experiments have clearly indicated that the equilibrium statistical model under-

estimates the probability of particle emission with higher kinetic energies. The so called "hard

component" of the particle spectra, high energy tail of the experimental excitation functions of the

particular exit channel, forward peaked angular distribution of emitted particles in centre of mass

frame, stretched particle distribution in angular momentum space etc., are the clear signatures of

deviations from compound nucleus (CN) mechanism. It is quite possible that the emission of parti-

cles may take place prior to the establishment of thermodynamic equilibrium of CN. The particles

which are emitted during equilibration are termed as pre-compound or pre-equilibrium panicles

and the reaction mechanism is termed as pre-equilibrium (PE) process ' . The study of excitation

functions may give information of considerable value about PE-emission. Though, large body of

experimental data on excitation functions exi st in literature but in most of the cases the experimental

excitation functions measured by different group of workers differ from each other and sometimes

by large factors. Moreover, different workers have analyzed their experimental data using different

theories and set of parameters. In the theoretical calculations the compound nucleus calculations

are performed and are then added to the PE-contributions so that the theoretical excitation func-

tions can be directly compared with experimental ones. With such an analysis the PE-emission

mechanism may be studied quite consistently.

With the motivation of studying PE-emission, a programme of precise measurement and

analysis of excitation functions for a-induced reactions on different nuclei covering the whole

mass range of the periodic table has been undertaken. As pan of this programme excitation func-

tions (EF) for three reactions i.e., n*Te(a,np)l30I, l3OTe(a,np)i32I and ™Te(a,np)ulmI
have been measured using enriched isotopies and stacked foil technique. Excitation functions for

these reactions, to the best of our knowledge, have been measured for the first time. The anal-

ysis of the measured excitation functions has been performed using an admixture of equilibrium

and PE-emission. The analysis of the CN component in the present work has been made using

Hauser-Feshbach (HF) model2, while the pre-equilibrium component has been simulated employ-

ing exciton model of Griffin3.

2. EXPERIMENTAL DETAILS

In the present measurements stacked foil activation technique is employed. In the stacked

foil technique a stack of foil s with energy degradors (in between them, if necessary) is irradiated in

a fixed geometry. In this way successive samples of the stack are irradiated at decreasing incident

energies.

2.1 Sample Preparation

Enriched isotopes of U 8re(87%) and 1 Mre(61%) were used for the preparation of
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samples. Vacuum evaporation technique was employed for the preparation of targets and these

elements weTe deposited on aluminium foils of thickness 6.75 fig/cm2. Thickness of l 28Te and
1 3 Ore was 920 /ig/cm2 and 1100 fig/cm2 respectively. The samples were cut into size of 1.2

x 1.2 cm1 each and were fixed on identical aluminium holders having concentric holes of 10 mm

diameter at their centre. The aluminium target holders were used for rapid heat dissipation. In order

to achieve wide energy variation aluminium foils were sandwiched between successive samples of

the stack.

2.2 Irradiation

Irradiations were carried out using diffused a-beam of Variable Energy Cyclotron Cen-

tre, Calcutta, India. The exact beam energy was determined by the auxiliary experiment on a-

scattering. Incident energy of a-particles on each foil in the stack was calculated from the energy

degradation of initial beam energy using the stopping power values of different materials from the

tables of Northcliffe and Schilling 4 . No consideration of straggling in these calculations is made

on account of its negligible effect3 for a-particles. The a beam currents fa 100 nA were used

for irradiation. The stacks of I 2 S r e and 1 3 0 re were irradiated by 45 MeV and 40 MeV a-particle

beams respectively. During the irradiation a low conductivity water (LCW) jet directly cooled both

the flange and the stack. The sketch in Fig.l shows a special arrangement to irradiate the stack. The

charge collected in the Faraday cup was used to calculate the average a-beam flux. The average

incident flux for different runs were « 10" a-particles/sec/cm2. The diameter of the a-beam was

more than 10 mm, however, a tantalum collimator was used to keep the beam diameter 8mm and

thus uniform spatial distribution of a-particles in the beam was assumed.

2.3 FORMULATION

Reaction cross-sections were computed using the formula s ~ " ,

<JT(E) =
- e x p ( - X t i ) ] [ l -

where, A is the photopeak area, \ the disintegration constant of the residual radio-isotope. No

the effective number of nuclei in the sample, § the average flux of the incident a-beam, (GE) the

geometry dependent efficiency of the detector, 9 the branching ratio of the characteristic 7-ray, K

the correction for self absorption of f-ray in the sample. ti,ti andt3 are the time of irradiaiton,

time lapse between stop of irradiation and start of counting and the counting time respectively. The

decay data used in the present work is shown in Table 1.

2.4 Measurements

After the irradiation the samples were taken for counting. A high resolution Ge( Li)

detector (resolution 2 keV for 1.33 MeV 7-ray of m Co) of 100 c.c. active volume coupled to the



multichannel analyser CANBERRA-88 was used for following the activities induced in the sample
after their irradiation. The observed f-ray spectrum of mTe and l30Te irradiated by w 39.51 ±
0.58 MeV and w 31.69 ± 0.65 MeV a-particles respectively are shown in Figs. 2 and 3. The
peaks due to reactions are seen prominantly and in fact they enable one to obtain the identification
of reaction products. The prominant peaks due to reaction products were identified from their
characteristic "y-ray energies. The residual nucleus of a particular reaction may, in general, emit st-
rays of more than one energy. Out of these ̂ -ray s a few may have good statistics. The cross-section
for the same reaction was determined from the observed intensity of various i-rays originating from
the same residual nucleus and finally their weighted average 12 has been taken. Reported cross-
section values are the weighted average along with the internal or the external error whichever is
larger.

2.5 Experimental Errors

In the present measurements following factors are likely to introduce errors.

i) Errors may come up in the estimation of number of target nuclei due to inaccurate esti-
mate of foil thickness and non-uniform deposits of the target material. To estimate the uncertainty
in the number of target nuclei and to check the thickness of samples (sample deposits) and their
uniformity, the pieces of foils of different dimensions were weighed on an electronic microbal-
ance and thickness in each was calculated. The errors in the thickness of deposition of the sample
materials are expected to be < 1%.

ii) Often during the irradiation, the beam current fluctuates which results in the variation
of incident flux. Care was taken to keep the beam current fluctuations within 10%. In some typical
runs the durations (> t min) and the amount of change in beam current were noted during the
irradiation time and flux was individually calculated for each duration of fluctuation. These varying
fluxes were then used to calculate the cross-section according to the following formula *~8,

AXexp(Xt2)

where ^ i , fo, ••• are the fluxes during rime interval tx. t-B, • • • respectively and 1/ + te + . . . = ti
(total irradiation time). It was estimated that beam flux fluctuations may introduce errors < 4%.

iii) Dead time of counting was kept < 10% and corrections for it were applied in counting
rates. In cases when the intensity of the induced activities in the samples was large, the sample-
detector distance was suitably adjusted to minimize the dead time.

iv) The measured detection efficiency of the Ti-spectrometer may be inaccurate on account
of the statistical errors of counting of the standard source. The statistical error in the counting of
standard 7-source was minim ized by accumulating large number of counts for comparatively larger
time (w 3000 sec.). As a check the uncertainies in the c fficiency for the 7-rays of 121.78 keV and
244.69 keV of'H Eu due to statistical errors of counting were calculated and found to be < 0.3%

and 0.7% respectively. However, for the f-ray s of higher energies this error may be slightly higher

but never exceeding 1.5%

v) In irradiations of the present experiment the total stack thickness reduced the incident
a-eneTgy at the last sample to nearly half of its original value. As the o-beam traverses the stack
material, the initial beam intensity may get reduced. This decrease in beam intensity may introduce
certain errors. The beam intensity "I" after traversing thickness "x" (cm) of the stack material may
be given by the expression8.

1= Io exp(-W-r.o.p.x.NAV/A)

where, Jo is the initial beam intensity, cr the reaction cross-section in milibarn, p the density of stack
material, NAV the Avogadro's number and A the mass number of the stack material. Assuming a
constant cross-section a = 2 barn (say) the maximum beam loss at the end of r e stacks is calculated
to be less than 2%. Further, it has been pointed out by Ernst et al.5, that large number of low energy
neutrons which may be released as the beam traverses through the stack material may in tum disturb
the yield, however, such disturbing yields are also negligible.

vi) The product nuclei recoiling out of the target may introduce large errors in the mea-
sured cross-sections. In the present excitation function measurements the targets were oriented
perpendicular to the beam with sample deposition facing the beam to avoid the loss of recoiling
nuclei which were stopped in the backing material and were counted along with the sample. In this
way the losses due to recoil were handled.

The above mentioned errors do not include the uncertainty of the nuclear data like branch-
ing ratio, decay constant etc., which are taken from the Nuclear Data Tables and ihe Table of Iso-
topes13.

RESULTS AND DISCUSSION

Presently measured excitation functions for the reactions l2iTe(a,Tq>)mI,
mTe(a,np)n2I and noTe(a,np)n2mI are shown in Figs. 4-6 with dark circles and the size
of circle includes the magnitude of statistical errors if no error bar is plotted. The horizontal bars
represent the energy spread in the half of the actual foil thickness along with the inherent uncer-
tainty in the a-beam energy. The reaction l2Sre(a,7!p) produces 1 3 0 /( t i /2 w 12.36 hrs) and
130™J'(ti/2 fn 9 min). As the counting was started after a large time gap, the activity of I3Om/
could not be measured separately. The radio-isotope ™mI decays to 13° J and thus the total cross-
section due to these two reactions was measured. Similarly the reaction 13Ore(a,T^) produces
1321" and 132mJ. The ground state ( m J) has got the half-life » 2.28 hrs while the isomeric state
(132m/j has got the half-life of « 83 min. Both these isotopes decay simultaneously after their
formation by emitting 7-rays, out of which some -y-rays are common. Here the prominent 7-rays
of 630 keV, 668 keV and 772 keV are emitted from U2I, however, 7-rays of 668 keV and 772 keV



are also emitted from 1 3 2 m i . For the same 7-ray originating from these residual nuclei, proper de-
cay corrections were applied and the contributions of the two reactions i.e., mTe(a, np)131 / and
mTe{a, np) li2mI were separated. To the best of our knowledge excitation functions for these
a-induced reactions on 'M-1 3 0^ have been measured for the first time and hence could not be
compred with literature data. Also it is appropriate to mention here that the present experimental
study provides a new set of data on excitation functions. The analysis of these excitation functions
are discussed in the next section. The measured EFs are tabulated in tables 2 and 3.

3.1 Analysis of Data

The a-induced reactions at moderate excitation energies are considered to proceed through
CN as well as PE-emission of particles. The CN mechanism is likely to be valid at lower en-
ergies, however, at relatively higher energies the PE mechanism becomes significant and cannot
be neglected, various semi-classical models3.'4-'7 and in recent years totally quantum mechan-
ical (QM) theories 18~21 have been put forward to explain the PE-emission. The QM theories, at
present, are mostly applied to the nucleon induced reactions21, because for a complex particle (e.g.
a-particle) in the incident channel the QM treatment of initial projectile-target interaction becomes
very much intricated. Also the muHipanicle emission has not been treated in QM approach as yet,
and hence the measured EFs have been calculated theoretically using a compound nucleus model
with and without the inclusion of pre-equilibrium emission. The computer code ACT21 based on
the lines of code STAPRE23 has been used for these calculations. The code ACT22 uses Hauser-
Feshbach (HF) model 2 for CN calculations while exciton model (EM) of Griffin i for simulating
the pre-equilibrium contribution. PE-emission is considered only in the first emission step where
the excitation energy is sufficiently large. In HF formalism 2 the angular momentum effects are
explicitly considered at each step of deexcitation. Separation energies needed in these calculations
are taken from the tables of Wapstra et al. 24, and the decay schemes of various nuclei from the
Table of Isotopes 13. The transmission coefficients for the particles in the entrance and exit chan-
nels, required for these calculations are generated by an optical model code TLK 22 which uses the
global optical model potentials.

Basically three parameters are involved in thi fitting process. The level density, which
largely determines the shape of the equilibrium component, the initial exciton number no and the
average of square of matrix element for two-body residual interactions. The latter two parameters
determine the relative spectral yield of panicles emitted from simple intermediate states prior to
the attainment of statistical equilibrium

3.1.1 Level density parameters

The level density, which describes the excited state of the residual nuclei at higher excita-
tion energies, is of crucial importance in theoretical calculations. In literature several prescriptions
for the level density are available and different authors used different formulations for it. Since the

absolute value of the cross-section depends strongly on the level densities, the literature calcula-
tions cannot be compared directly with each other. In the present calculations the level densities
are calculated using the spin dependent Lang expression 25 in the framework of phenomenolot-
ical back-shifted Fermi gas model. The level density parameter "a", fictive ground state energy
"A " and the effective moment of inertia " 0 , / / " for the various nuclei in the evaporation chain are
taken consistently from the back-shifted Fermi gas model tables of Dilg et al. M . In cases where
parameters were not available in the tables, their values are interpolated. In all the calculations the
effective moment of inertia "Qc//" is taken consistently equal to the rigid body value. In few cases,
however, the values of level density parameters "a" and "A " were required to be varied within 20%
from the values given by Dilg et al. u , for achieving better agreement between the calculated and
the experimental excitation functions. This variation in parameter values is justified since Dilg pa-
rameters 26 are empirical in nature and are good M only in the energy range w 10 - 20 MeV. In
the present work, the single particle state density "g", used in the pre-equilibrium calculations, is
obtained from the level density parameters "a" using the relation g = (6 /rr2) • 0.

3.1.2 Initial exciton number

In exciton model3 the intermediate states of the system are characterized by the excitation
energy E and the number p of excited panicles and h of excited holes. Particles and holes are
denned relative to the ground state of the nucleus and are called excitons. The initial configuration
of the compound system, defined by its exciton number no (= p + h), is an important parameter of
pre-equilibrium formalism. It is of particular interest to look for the initial exciton number required
to reproduce the data and the assumed division of excitons into particles and holes. In literature,
values of no ranging from 4 to 6 are used' >27 ~32 for a-induced reactions. Theoretical calculations
were performed with different values of initial exciton number and 6-exciton state (5-particles and
1 hole) is found to give best fit to the experimental data for these reactions. This value of no = 6
support the earlier findings *"" '22 and may be justified8 since the first interaction may give rise to
the excitation of one panicle above Fermi energy leaving behind a hole in the excited state i.e., in
all 5 particles and 1 hole. This choice of initial configurations of «o = 6( 5p + 1 h) for a-particle
in the incident channel has also been suggested by Kaibach M .

3.1.3 Matrix element for two-body residual interactions

The pre-equilibrium contributions are also sensitive to the choice of the square of absolute
value of the average effective matrix element for two-body residual interactions \M\%. At present
no satisfactory microscopic calculations of jWj2 are available and thus absolute cross-sections
could not be calculated. As an alternative the expression

proposed by Kalbach-Cline 34 is used to estimate its value, where A and E respectively are the
mass number and the excitation energy of the compound system. In general, FM is treated as an



adjustable parameter. The value of FM depends very sensitively on whether one- or two-component
version of the exciton model is used and also on the value of CN single particle state density "g".
Thus any comparison of FM values obtained by different groups is meaningful only if the same for-
mulation of exciton model and same set of level density parameters are used. Likewise, in a given
calculation, one can either vary FM or "g" of the CN in order to fit the experimental data. In many
of the cases reported in literature, above factors are not explicitly indicated and hence the values of
FM ranging from 95 to 7000 MeV 3 are proposed 3i for reproducing the experimental data. In an
effort to fix the value of FM a detailed study of (n, p) reactions " and (o , im) reactions * -1 ' -21

was earlier done and it was found that b U = 430 Me V3 gives best fit to the experimental data. In
the present analysis same value of FM(=430MeV3) is retained. It may, therefore, be inferred that
the value of FM=430 MeV3 favours the projectile independent prescription. Kalbach 33 has also
pointed out that the |M|2 should be projectile independent and suggested a vlaue of FM as 400
MeV3, which is very near to the value used in the present analysis.

In all the reactions studied presently the same residual nucleus may be produced by differ-
ent sequence of particle emission. The computer code ACT M considers the sequential evaporation
of particles, it is possi ble to calculate the excitation functions using two different sequences of par-
ticle emission. The reactions m Te(a ,np) 1 3 0 / , U0Te(a,np)mI and 1 3 O r e ( a , n p ) m m / may
each proceed by either first chance emission of neutron or first chance emission of proton. Calcula-
tions were performed for both the reaction paths listed above and the theoretical excitation function
includes the contributions from these two paths. Experimentally measured and theoretically cal-
culated excitation functions for these reactions are shown in Figs. 4-6. As can be seen from these
figures, the first chance neutron emission is more probable than the first chance proton emission. A
possible reason for the observed enhancement of neutron emission over charged particle emission
may be the Coulomb barrier which inhibits the emission of charged panicles.

Coulomb barrier for the system of higher mass number as compared to the system of lower mass
number (ii) as in the present calculations the single particle state density "g" is obtained from the
level density parameter o which for each target is taken from the values of Dilg et al. **. Fur-
ther, the internal transition rates in the pre-equilibrium formalism have been calculated using the
Williams" expressions, which involve the square of matrix element |Jiif|2 for two-body residual
interactions. Since ]M|2 is taken mass number dependent, the pair creation rates are directly de-
pendent on the mass number. As such pre-equilibrium emission in the heavier isotope will set in at
a lower excitation energy than for the ligher isotope.

4. CONCLUSIONS

From the above analysis it may be concluded that the high energy tails of the measured
excitation functions of a-induced reactions cannot be accounted for by pure compound nucleus
mechanism and they have contributions from PE emission. Proper admixture of equilibrium and
PE processes is needed for the better reproduction of the experimentally measured excitation func-
tions. These results of present measurements of (a, np) reactions on12S >130 Te provide a new set of
experimental information. The present study indicate that there is satisfactory agreeement between
the experimental excitation function and the predictions of the combination of HF and EM calcu-
lations qualitatively. Further, the values of initial exciton number T^ = 6(5p + \h) and matrix
element |M|2 = 430 A~*E~X are adequate for a-induced reactions. The pre-equilibrium fraction
is found to depend on the compound system mass number and its excitation energy. Further, the
first chance emission of neutron is preferred over the charged particle emission.

3.2 Pre-Equilibrium Fraction

Pre-equilibrium fraction FR, is a measure of relative strength of pre-equilibrium compo-
nent needed to reproduce the experimental excitation functions and reflects the relative importance
of equilibrium and pre-equilibrium processes. The analysis of the excitation functions allows one
to deduce, pre-equilibrium fraction as a function of incident projectile energy. Pre-equilibrium
fraction for both the targets is calculated using the code ACT22, In the present calculations FR is
inherently energy dependent, which is derived from the consideration of internal transition rates
and continuum decay rates. The FR is taken to be the fraction of particles from the first CN, which
are emitted during the equilibration process. The computed FRs, as a function of incident a-particle
energy, required to reproduce the experimental excitation functions for the target nuclei presently
studied, are shown in Fig.7. As can be seen from this figure, the FR increases very rapidly with the
increase in a-panicle bombarding energy. Also, it may be seen from Fig.7, threshold a-incident
energy for pre-equitibrium emission is different for different isotopes being lower for the isotope
of higher mass number. This may be due to (i) relatively larger value of (A-Z) and lower value of
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Table 1

Reaction

"TeCof.Hp)1"/

mTe(a,rv)mI

Q-value
(MeV)

-15 03

-14.85

-14.85

•1/2 of residual

nucleus
12.36 h

2,30 h

8 3 . 6 TTI

Identified i ray
energy (keV)

536
668
739
630
668
772
668
772

Branching ratio
(%)

99.00
96.10
82.30
13.80
98.70
76.20
13.00
13.00

Reactions, Q-values, half-life of residual nucleus, if-ray energies, branching ratio of 7-

decay.

Table 2

(MeV)
26.37
28.86
31.22
33.44
35.55
37.57
39.51
41.38
43.19
44.96

±0
±0
±0

79
75
72

±0.68
±0
±0
±0

64
62
58

±0.56
±0
±0

54
54

(mb)
7.21
16.67
13.81
25.22
27.59
18.47
34.55
25.49
28,94
25.12

±0.25
±1.20
±1.92
±0.75
±0.86
±0.65
±1.10
±1.81
±1.81
±1.08

Measured cross-section values for the reaction 1 M re (a , T

13

Table 3

(MeV)
22.56 ±0.84
24.07 ±0.80
25.50 ±0.77
26.89 ±0.73
29.36 ±0.68
31.69 ±0.65
33.89 ±0.63
36.00 ±0.59
38.02 ± 0.56
39.95 ±0.55

(mb)

0.43 ±005
3.43 ±0.20
9.94 ±0.47
28.46 ±166
44.58 ±2.64
46.02 ±2.58
35.65 ±2.09
35.43 ±1.77
22.57 ±0.83
24 65 ± 1.04

(mb)
2.27 ±0.23
9.45 ± 0.49
16.70 ±0.40
38.46 ±0.68
47.92 ±0.87
46.18 ±0.81
31,92 ±0.58
34.94 ±0.41
21.23 ± 0.27
17.85 ± 0.26

Measured cross-section values for the reactions l3° Te (a, up)132 J and 13° Te( a, np)m m I.

n—r



Figure Captions

Fig. 1 Typical experimental setup used for irradiation.

Fig.2 Observed -y-ray spectrum of 128Te irradiated by « 39.51 ± 0.58 MeV a-particles.

Fig.3 Observed i-ray spectrum of m :Te irradiated by sa 31.69 ± 0.65 MeV a-particl;s.

Fig. 4 Experimentally measured and theroetically calculated excitation function for the reaction
mTe(a,np)l30I.

Fig.S Experimentally measured and theoretically calculated excitation function for the reaction
1 3°re(o,np)1 3 2 / .

Fig.6 Experimentally measured and theoretically calculated excitation function for the reaction
™Te(a,np)n2">I.

Fig.7 Variation of pre-equilibrium fraction FR as a function of incident a-particle energy £?«
for targets 128 '130re.
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