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Excitation function studies of a induced reactions for niobium and preequilibrium effects

Avinash Agarwal,* I. A. Rizvi, and A. K. Chaubey†

Department of Physics, Aligarh Muslim University, Aligarh-202 002, India
~Received 15 February 2001; published 12 February 2002!

Excitation functions of the reaction (a,n), (a,2n), (a,3n), and (a,an) for 93Nb were measured up to 37
MeV using the stacked foil activation technique and high-purity Geg-ray spectroscopy method. The measured
experimental values were compared with the geometry-dependent hybrid model in which the emission of
particles prior to the equilibrium decay is taken into account whenever the interaction of projectile with the
target nucleus is considered. It was found that the compound nucleus decay mechanism alone is unable to
explain the experimental trend of our data. The isomeric cross-section ratios (sm /sg) for the (a,2n) reaction
were also calculated as a function ofa-particle energy. A definite trend was observed in the variation of the
ratio with a-particle energy.
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I. INTRODUCTION

The study of the effect of preequilibrium~PE! emission
followed by equilibrium~EQ! decay to the excitation func
tion in the multiparticle emission process has been a poin
interest for the last several years. The presence of a
equilibrium component in any reaction can be observed fr
the high-energy tail of the excitation function, which cann
be reproduced by the statistical model. The presence
preequilibrium reaction can also be inferred from the stu
of the variation of the isomeric cross-section ratio with e
ergy. Many attempts have been made to understand
reactions. Starting from the pioneering work of Griffin@1#,
which provides the first explanation of the spectral shape
the excitation function in the framework of exciton mode
many other semiclassical models have been proposed@2–6#.
The hybrid and geometry-dependent hybrid~GDH! models
@5,6# proposed by Blann have been found to be relativ
simple and closed-form models for the successful reprod
tion of the experimental data. Apart from these semiclass
models of the nuclear reaction for the successful reprod
tion of the excitation function data, efforts are in progress
give a full quantum-mechanical picture in the framework
multistep theories proposed by Feshbach, Kerman, and K
nin @7# and others@8–10#. For the interaction of a composit
particle such as ana particle, the quantum-mechanical pi
ture is yet to come.

For a better understanding of the PE emission mechan
more and more experimental data are necessary. A lo
work has been done on the study of the excitation function
a-particle-induced reactions for various target nuclei@11#
over a wide range of energy and over a wide range of
periodic table. However, the situation regarding it is still u
satisfactory, as there are large discrepancies in the repo
values even for a single specific reaction. Moreover, the d
are incomplete and contain considerable errors. Although
cross sections for niobium were measured earlier by
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groups@12–17# using the singleg ray for each reaction, even
then their results differ to a large extent; hence precise
accurate measurements are still needed. With this in m
we have made an attempt to measure the reaction cross
tion for 93Nb up to 37 MeV a-particle energy using the
maximum possibleg rays for a single reaction. As a chec
the relative intensities of identifiedg rays were also mea
sured. A theoretical analysis of data has also been carried
under the prescription of the GDH model@6#.

II. EXPERIMENTAL DETAILS

The excitation functions for thea-induced reactions on
93Nb were measured by the stacked foil activation techniq
and g-ray spectroscopy method. The stack was made w
spectroscopically pure niobium foils of thickness 10
mg/cm2. The niobium foil was cut into pieces of siz
1.5 cm31.5 cm, and each of them was glued to an alumin
frame, having a circular hole of diameter 1.2 cm in its cen
Energy degrader aluminum foils of different thickness we
sandwiched between the target foils, so as to get the des
a-particle energy incident on each foil. The stack was ir
diated with a 40 MeV diffused beam of diameter 8 mm at t
Variable Energy Cyclotron Centre, Calcutta~India!. The
beam energy was determined from a curve that related
cyclotron rf with energy constructed from experimental da
on elastic scattering. The irradiation was performed with
beam current of about 380 nA so that a few hours only
well-controlled irradiation was sufficient to excite the r
quired activities. Thea-particle flux was calculated using
Faraday cup and charge integrator. A copper foil of thickn
10.68 mg/cm2 was also used as a flux monitor for checkin
the flux, and good agreement was found with less than 1
discrepancy. The experimental setup with details is giv
elsewhere@18#.

The activities induced in the target foils were followe
using a high-resolution~2 keV for 1332 keVg ray of 60Co!
high-purity Ge~HPGe! detector of 100 cm3 active volume
coupled to the Ortec’s PC-based multichannel analyzer.
dead time for counting was kept less than 10% by adjus
the target detector separation in these measurements,
proper account of the dead time was taken in the calc

a-
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tions. Several spectra were taken at suitable intervals to
mit identification of the half-lives of various residual nucle
A typical g-ray spectrum obtained from the activation
niobium target foil at 28.6 MeV is shown in Fig. 1.

The energy and efficiency calibration of the HPGe sp
trometer was done using various standard sources, i.e.,22Na,
57Co, 60Co, 133Ba, and152Eu of known strengths. The geom
etry dependent efficiency (eG) of the detector for different
source-detector distances was computed using the relati

eG5Celt/S0u,

whereC is the number of counts per second under the p
topeak,l is the decay constant of the radioactive nuclei,t is
the time lapse between start of counting and the date of
rication of standardg-ray source,S0 is the actual number o
radioactive quanta emitted by the standard source per se
at the time of its fabrication, andu is the absolute intensity o
the relevantg ray. The values ofu and l were taken from

FIG. 1. Typicalg-ray spectrum obtained from the activation
the 93Nb target by 28.6 MeVa particles.

FIG. 2. Geometry-dependent efficiency of the HPGe detecto
a source detector distance of 15.5 cm.
03460
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Ref. @19#. The values ofeG thus obtained were plotted as
function of energy using the programORIGIN 5.0. A polyno-
mial of degree 4 having the following form was found
give the best fit for these curves:

eG5a01a1X1a2X21a3X31a4X4,

where a0 , a1 , a2 , a3 , and a4 are the coefficients having
different values for different source detector distances.X is
the energy of the characteristicg ray. A typical geometry-
dependent efficiency curve of the 100 cm3 HPGe detector
obtained at a distance of 15.5 cm from the detector surfac
shown in Fig. 2. The following expression was used
computing the experimentally measured reaction cr
sections@18#:

s~E!5
Al exp~lt2!

N0f~eG!uK$12exp~2lt1!%$12exp~2lt3!%
,at

TABLE I. Reaction channels for 37 MeVa particles incident
on 93Nb.

Reaction
Q value
~MeV! T1/2

Eg

~MeV!
Absolute

g intensity ~%!

93Nb(a,n)96mTc 27.01 51.5 min 0.778 1.9
1.200 1.0

93Nb(a,n)96gTc 4.35 d 0.314 2.4
0.316 1.4
0.778 99.1
0.812 81.5
0.850 96.9
1.127 15.1

93Nb(a,2n)95mTc 214.92 61.0 d 0.204 66.2
0.582 32.5
0.786 9.0
0.821 4.9
0.835 28.1
1.039 3.0

93Nb(a,2n)95gTc 20.0 h 0.766 93.0
0.948 2.1
1.074 4.2

93Nb(a,3n)94mTc 224.85 52.5 min 0.871 94.0
0.993 2.2

93Nb(a,3n)94gTc 4.88 h 0.449 2.6
0.532 2.6
0.702 99.8
0.850 97.7
0.871 100.0
0.916 7.4

93Nb(a,an)92mNb 28.96 10.14 d 0.913 1.6
0.934 99.2

93Nb(a,an)92gNb 3.23107 yr
93Nb(a,2p)95mNb 212.59 3.5 d 0.204 2.4

0.235 25.5
93Nb(a,2p)95gNb 35 d 0.766 99.8
5-2
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TABLE II. Experimental cross section for (a,n), (a,2n), (a,3n), and (a,an) reactions.

Ea ~MeV!

Cross section~mb!

(a,n)96Tc (a,2n)95gTc (a,2n)95mTc (a,2n)95Tc (a,3n)94Tc (a,an)92gNb
Present Previous Present Previous Present Previous Present Previous Present Previous Present

18.0 786a 569a

20.861.6 170621b 605679b 90.0611b 695679.8b

21.1 203a 1162a

21.2 276630c 232628c 93.4613.1c 325.4630.9c 3.160.5c

23.0 9267d 849666d

23.361.3 70.760.6 606.9610.6 80.0612.3 686.9616.2 24.261.3 4.560.7

24.261.4 4365b 9436126b 103613b 10466126.7b 5.760.8b

24.4 106615c 489654c 169622c 658658.3c 14.662.8c

26.161.2 30.061.2 714.469.1 65.5612.8 779.9615.8 18.560.9 6.960.7

28.0 1612a 86a

28.261.4 22.562.8b 9946133b 7769.8b 10716133.4b 5667.8b 11.661.6b

28.661.1 22.560.7 684.068.8 41.7612.5 725.7615.3 57.761.1 9.860.7

29.0 2262.4d 913674d 8366d

29.5 22.663.4c 665667c 203624c 868671.2c 8.2161.2c 26.463.9c

30.961.0 18.260.5 588.667.9 70.0610.3 658.7612.9 239.761.9 11.960.7

31.861.2 15.762.0b 560674b 3764.7b 597674.2b 269636b 14.061.9b

32.6 666d 397d

33.260.9 13.760.7 394.366.9 31.0610.5 425.2612.6 449.162.2 14.460.7

34.0 620a 876a

34.1 387630d 518640d

34.3 20.563.1c 812681c 223627c 1035685.4c 119615c 32.363.9c

35.360.9 17.960.6 399.969.9 24.2615.7 424.1618.6 853.263.0 18.361.0

36.061.2 10.361.3b 311641b 1962.5b 330641.1b 700694b 15.062.0b

37.460.8 14.360.9 295.967.2 11.767.4 307.6610.3 1139.3616.5 14.660.9

38.0 12.861.9c 349638c 91.8612.8c 440.86133.5c 485649c 39.664.7c

38.4 263a 1060a

38.8 184615d 684653d

39.8 152d 768d

39.861.2 8.361.0b 161621b 12.761.7b 173.7621.1b 7686103b 17.762.3b

40.0 11.560.1e 22763e 1023618.0e 18.360.5e

aReference@12#.
bReference@13#.
cReference@15#.
dReference@14#.
eReference@16#.
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whereA is the counts under the photopeak of the charac
istic g ray,l is the decay constant of the product nucleus,N0
is the number of nuclei of the isotope under investigationf
is the incidenta-particle flux,eG is the geometry-dependen
efficiency of the HPGe detector,u is the absolute intensity o
the characteristicg rays,K is the self-absorption correctio
factor for theg ray in the sample,t1 is the irradiation time,t2
is the time lapse between stopping the beam and the sta
counting, andt3 is the counting time.

The energy of thea particles striking different target foils
has been calculated by taking into account the thicknes
the foil and the energy loss within it, using the stoppi
power table of Northcliffe and Schilling@20#. No consider-
ation of straggling for the increase in the path of the incid
beam in the stopping material has been made for the est
03460
r-
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t
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tion of energy loss in the target thickness because of its n
ligibly small effects fora particles@14#.

III. EXPERIMENTAL RESULTS

In the present work the various reactions induced bya
particles on93Nb were observed by detecting the charact
istic g rays obtained from the decay of residual nuclei. T
possible reaction channels for93Nb ~residual nucleus un-
stable! in the energy range considered in the present m
surement are listed in Table I. The other details, viz., resid
nucleus,Q value, half-lifeg-ray energies, and correspondin
absolute intensities, are also given in the table. TheQ values
of the different reactions have been taken from Ref.@21# and
5-3
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TABLE III. Isomeric ratios of product nuclides for the (a,2n) reaction.

Ea ~MeV!

Isomeric ratio (sm /sg)

Ea ~MeV!

Isomeric ratio (sm /sg)

Present Previous Present Previous

18.0 0.160a 29.5 0.094b

0.330a 29.9 0.071a

18.5 0.169b 30.5 0.091b

19.0 0.169b 30.961.0 0.119
19.7 0.154a 31.8 0.062a

20.861.6 0.109c 31.861.2 0.061c

21.1 0.125a 33.0 0.085b

0.137a 33.260.9 0.078
21.2 0.402d 33.5 0.093b

22.0 0.145b 34.0 0.062a

22.5 0.143b 0.064a

22.6 0.133a 0.085b

23.0 0.139b 34.3 0.275d

23.361.3 0.132 34.5 0.099b

24.0 0.139b 35.0 0.088b

24.261.4 0.077c 35.360.9 0.061
24.4 0.346d 35.4 0.056a

25.2 0.097a 35.5 0.099b

25.5 0.123b 36.061.2 0.061c

26.0 0.128b 36.5 0.111b

26.161.2 0.091 37.460.8 0.040
26.5 0.115b 38.0 0.263d

27.0 0.111b 0.122b

28.0 0.085a 38.4 0.071a

0.230a 0.060a

0.104b 38.5 0.128b

28.261.4 0.066c 39.861.2 0.092c

28.661.1 0.061 40.0 0.164b

29.5 0.305d

aReference@12#.
bReference@17#.
cReference@13#.
dReference@15#.
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other decay data from Ref.@19#. In the list very weakg rays
are not included whenever strongg rays are available for the
same emitting nuclide.g rays having higher energies are al
not included in the list. We have considered only thoseg rays
that gave appreciable activities for the meaningful excitat
studies. Theg-ray spectroscopy software packageRADWARE

@22# was used extensively for analyzing the spectrum.
The activation cross section for a given reaction was

termined from the intensities of the variousg rays identified
as arising from the same residual nucleus. The reported v
is the weighted average@23# of the various cross-section va
ues so obtained. The statistical error given in the result
the larger one of the internal and external errors@23#. In
general these errors are less than 31% except for few po

A. „a,n… reaction

This reaction produces two isomers of96Tc. Both isomers
are unstable. The ground state has a half-life of 4.35 d an
03460
n
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ts.

a

metastable state of 51.5 min. The reaction producing
ground-state isomer was studied by considering the 0.7
0.812, 0.850, and 1.127 MeVg rays. In the analysis the
0.850 MeV photopeak was not used at energies above
threshold for (a,3n) reaction, as thisg ray is also associated
with the (a,3n) reaction. The 0.778 MeVg ray is common
to both isomers. However, this peak can be used in the an
sis after the decay of metastable-state activity. The cross
tions for this reaction obtained at different energies are ta
lated in Table II.

The metastable state of96Tc decays to the ground stat
with 98% isomeric transition and 2% electron capture a
b1 decay. The half-life of the metastable state is mu
shorter than that of the ground state. Therefore, the c
sections for the ground-state-producing reaction as obta
above is almost the total cross section for the production
96Tc isomers as the activities were measured after the de
of the metastable state.
5-4
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FIG. 3. Experimental and theoretical excitation functions for
93Nb(a,n)96Tc reaction.
ergy

03460
B. „a,2n… reaction

The (a,2n) reaction on93Nb produces two isomers o
95Tc with half-lives of 20.0 h and 61.0 d. The 0.766 MeVg
ray emitted from the ground-state isomer is common w
that of the (a,2p)95gNb reaction. Therefore, the cross se
tions for the (a,2n)95gTc reaction have been measured
considering the 0.948 and 1.074 MeVg rays. The cross sec
tions obtained for this reaction are given in Table II.

The metastable state of95Tc decays to the ground stat
with 95.8% EC, 0.3%b1 decay, and 3.9% isomeric trans
tion. The maing rays obtained from its decay are 0.20
0.582, and 0.835 MeV. The 0.204 MeVg ray is also emitted
from 93Nb(a,2p)95mNb reaction (Q5212.6 MeV) with an
absolute intensity of 2.4%. Anotherg ray of 0.235 MeV
having the absolute intensity of 25.5% is also emitted fro
the 95mNb isomer. The counts under the photopeak of 0.2
MeV due to the93Nb(a,2p)95mNb reaction can be estimate
if one can measure the cross section of this reaction by c
sidering the 0.235 MeV photopeak. However, in the pres
measurements a background photopeak of the same en
FIG. 4. ~a! Experimental excitation function for the93Nb(a,2n)95mTc reaction. ~b! Experimental excitation function for the
93Nb(a,2n)95gTc reaction.~c! Isomeric cross-section ratio (sm /sg) of the 93Nb(a,2n)95Tc reaction as a function ofa-particle energy.~d!
Experimental and theoretical excitation functions for the93Nb(a,2n)95Tc reaction.
5-5
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was obtained; hence the cross section for
93Nb(a,2n)95mTc was studied considering the 0.582 a
0.835 MeVg rays only. The cross sections for this reacti
are presented in Table II, and the isomeric cross-section
tios (sm /sg) are shown in Table III.

C. „a,3n… reaction

Two isomers of94Tc are produced in this reaction. Th
ground and metastable states have half-lives of 4.88 h
52.5 min, respectively. The ground-state isomer has four
jor g rays, viz., 0.702, 0.850, 0.871, and 0.916 MeV. T
0.850 MeV g ray is common with96gTc, produced in the
(a,n) reaction, whereas the 0.871 MeVg ray is also ob-
tained from the94mTc. The 0.871 MeVg ray has also been
used in the analysis of the ground-state-producing reac
by counting the activities after several half-lives of the me
stable state. Thus, the cross sections of the (a,3n)94gTc re-
action have been measured considering the 0.702 and 0
MeV g rays. The cross sections obtained for this reaction
tabulated in Table II.

D. „a,an… reaction

This reaction produces two isomers of92Nb with half-
lives of 3.23107 yr and 10.14 d, the latter being the met
stable state. The same residual nuclei are also produce
the (a,2p3n) reaction. TheQ value for this reaction is
237.1 MeV. Below the threshold for the (a,2p3n) reaction
~i.e., 38.7 MeV! the experimental cross sections are sol

TABLE IV. Measured relative intensities of identifiedg rays.

g-ray energy
Eg ~keV!

Absolute
abundanceu ~%!

Normalized relative intensity

Present
measurement

Literature
valuea

Reaction93Nb(a,n)96gTc, t1/2 of product nucleus 4.35 d
0.778 99.1 100.0 100.0b

0.812 81.5 81.963.5 82.2
0.850 96.9 97.964.0 97.8
1.127 15.1 14.960.8 15.2

Reaction93Nb(a,2n)95mTc, t1/2 of product nucleus of 61.0 d
0.204 66.2 100.0 100.0b

0.582 32.5 49.067.1 49.1
0.835 28.1 43.962.0 42.5

Reaction93Nb(a,2n)95gTc, t1/2 of product nucleus 20.0 h
0.766 93.0 100.0 100.0b

0.948 2.1 2.260.1 2.3
1.074 4.2 4.560.2 4.5

Reaction93Nb(a,3n)94gTc, t1/2 of product nucleus 4.88 h
0.702 99.8 93.264.0 99.8b

0.871 100.0 100.0 100.0
0.916 7.4 7.260.3 7.4

Reaction93Nb(a,an)92mNb, t1/2 of product nucleus 10.14 d
0.934 99.2 100.0

aReference@19#.
bNormalization has been done with respect to this value from
erature.
03460
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for the (a,an) reaction. The ground-state activity is neg
gible because of its long half-life. The metastable state
an intenseg ray of 0.934 MeV. The cross section fo
(a,an)92mNb reaction has been measured using the 0.
MeV g ray and is shown in Table II.

IV. MODEL CALCULATIONS

The excitation functions of thea-particle-induced reac-
tion on 93Nb were evaluated theoretically using the compu
code ALICE/91 @24#. The codeALICE/91 @24# employs the
Weisskopf-Ewing model@25# for the statistical componen
and hybrid model@5# as well as geometry-dependent hybr
model of Blann@6# for the pre-equilibrium emission. The
statistical part ofALICE/91 @24# can account for a large variet
of reaction types. Besides evaporation of neutrons and
tons~according to Weisskopf and Ewing@25#!, clusters such
as deuterons anda particles can be considered. This is do
with conservation of angular momentum. The binding en
gies andQ values used in the present code are based
experimental masses~Wapastra and Audi@26#!. TheALICE/91

code stores experimental masses in the data file. When
the nuclear masses are not available in the data file they
calculated from the Myers-Swiatecki mass formula@27# ~liq-
uid drop mass with pairing!. The pairing energyd is calcu-
lated from the backshifted model. In these calculations
pairing energy is zero for even-even nuclides,2d for odd-
even nuclides, and22d for odd-odd nuclides, withd
511/AA. The inverse cross sections are calculated from
optical model subroutine, which uses the Becchetti a
Greenless@28# optical parameters. The intranuclear transiti
rates are calculated using the Pauli-corrected nucle
nucleon~N-N! scattering cross sections, and adjustment
the mean free path intranuclear transitions is done by ke
ing the so-called mean free path multiplier~k! constant equal
to 3.0.

Level densities of residual nuclei play an important role
deciding the shapes and absolute value of the excita
functions. For calculations, the level density formula pr
posed by Lang and Le Couteur@29# was used. In general, fo
the level density parameter a value ofa5A/K was applied,
whereA denotes the nucleon number andK a constant the
values of which spread over a wide region and have b
given in the literature@30,31#. In our calculations, a best fi
was obtained by using a value of 8.0.

In preequilibrium reactions, the initial exciton configur
tion is a crucial quantity. The influence of this initial excito
configuration on the result of PE calculations was inve
gated by varying the initial exciton configurationn0(n-p-h),
which is described by the number of neutrons~n! and pro-
tons~p! in excited states and the number of holes~h! after the
first collision. The total excitonn0 equals the sum ofn, p,
and h. For a-induced reactions, the initial exciton numb
n054 or 5 was suggested by Blann@3#. However, it was
found by many investigators@32–35# that n054 fits experi-
mental data better thann055. We have performed the calcu
lations with an initial exciton configurationn054 ~2n12p
10h, i.e., a pure particle state!.

A physical interpretation of an initial exciton configura

-

5-6
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tion n054 (2n12p10h) is that only four excitons initially
share an excitation energy, which is equivalent to a brea
of the incominga particle in the field of nucleus and nucle
ons occupying the excited states above a completely fi
Fermi sea.

V. RESULTS AND DISCUSSION

The measured relative intensities of identifiedg rays are
tabulated in Table IV. It can be seen from Table IV that t
currently measured relative intensities are in good agreem
with their respective literature values@19#. Our experimen-
tally measured values along with earlier measurements@12–
17# are shown in Figs. 3–6. The vertical bars represent
total estimated errors in the cross sections. If no bar is
picted, the size of the circle includes the magnitude of
statistical errors. The experimental excitation functions w
also compared with those predicted by theory, on the bas
compound and precompound reaction mechanisms. C
parison with theory is made only for those reactions in wh
the total cross section~i.e., both isomersm andg! was mea-
sured in the present work. The excitation functions are r
resented by the solid line for the cross section obtained
the consideration of both the compound and precompo
contributions~GDH model calculation! and by the dashed
line for the compound nucleus~Weisskopf-Ewing calcula-
tion! cross sections.

The excitation functions for the (a,n) reaction are shown
in Fig. 3. The results of other workers@12–16# are also in-
cluded in the figure. It is seen from the figure that the vario
experimental results vary within a factor of 2.5 at about 2
MeV. It is also seen that the excitation function cannot
reproduced by the compound nucleus theory in the hi
energy region. It is reproduced well by taking into accou
the precompound contribution.

The excitation functions for the (a,2n) reaction are
shown in Figs. 4~a! and 4~b! for the metastable and groun
states, respectively. In these figures results of other wor
@13–16# are also included. The results of Mukharjee, Rash
and Chintalapudi@15# are exceptionally higher for the
(a,2n)95mTc reaction while lower in the (a,2n)95gTc reac-
tion ~up to 24.4 MeV! from our results as well as othe
reported values. The isomeric cross-section ratio (sm /sg)
for the (a,2n) reaction with the other reported resul
@12,13,15,17# as a function ofa-particle energy is shown in
Fig. 4~c!. One of the exceptions is the result of Branquin
et al. @12# at 18 and 28 MeV, where the authors repeated
measurements and observed a variation of the ratios with
factor of 2.5 at the same energy. Again the results of Mukh
jee, Rashid, and Chintalapudi@15# are exceptionally high in
the whole energy range. The overall cross-section ratios
dicate that the population of the ground state~spin 9

2
1! is

more probable than that of the isomeric state~spin 1
2

2! in the
present energy region. The decrease in ratio with increa
energy is due to the fact that probabilities of populating
higher spin states increases with energy as higher ang
momenta are imparted at higher energies. The total c
section for the (a,2n) reaction as a function ofa-particle
energy is shown in Fig. 4~d!. Results of other workers
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@12,13,15# are also included in this figure. It can be se
from Fig. 4~d! that the results of Branquinhoet al. @12# are
high ~up to 34.0 MeV!. The results of Mukharjee, Rashid
and Chintalapudi@15# are lower than our results up to 24.
MeV. It is also seen that the excitation functions can be r
resented by compound nucleus theory up to 27 MeV. Abo
this energy, a better fit to the experimental data could
obtained by taking the pre-equilibrium contribution in
consideration.

The cross sections for the (a,3n) reaction were measure
only for the ground-state-producing reaction and are sho
in Fig. 5. Results of other workers@12–16# are also included
in this figure. It can be seen from this figure that our resu
agree with those of Singh, Agarwal, and Rao@13# and Ernst
et al. @14#. The cross sections reported by Branquinhoet al.
@12# are higher than our results, while results of Mukharje
Rashid, and Chintalapudi@15# are lower. Since we measure
only the ground-state cross sections it is not appropriate
compare our results with theory.

Cross sections for the (a,an) reaction were measure
only for the reaction leading to the metastable state of92Nb.
It is shown in Fig. 6 together with other reported resu
@13,15,16#. Our results agree with those of Singh, Agarw
and Rao@13# in the whole energy region, while the results
Mukharjee, Rashid, and Chintalapudi@15# are higher than
our results and also with the results of Singh, Agarwal, a
Rao @13#. Comparison of the results with theory is not a
propriate since we could not measure the ground-state c
sections. However, we can have some idea of the nuc
reaction mechanism from the theoretical and experime
excitation functions. The theoretical curves show a pe
while the experimental peak shows a plateau in the excita
functions. The slow variation in the cross sections sugge
that this reaction takes place through the direct reac
mechanism, where the incominga particle knocks out a neu

FIG. 5. Experimental excitation function for th
93Nb(a,3n)94gTc reaction.
5-7
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tron from the 93Nb target nucleus, leaving the residu
nucleus in an excited state.

VI. CONCLUSIONS

Excitation functions for the (a,n), (a,2n), (a,3n), and
(a,an) reactions on the target element niobium were m
sured in the present work using the maximum possibleg rays
for the single reaction. As a check, the relative intensities
identifiedg rays were also measured.

In general, it is quite evident from Figs. 3 and 4~d! that PE
emission of multiparticles is necessary before the system
equilibrated and hence the experimentally observed h
energy tail of the excitation functions be explained on
when the contribution of semiclassically treated PE emiss
~GDH model! followed by particle evaporation from th
equilibrated system~Weisskopf-Ewing model! is taken into
account. The precompound reaction mechanism in its de
is unable to explain the experimental data in the high-ene
tail portion of the excitation functions. It is clear from Fig
3 and 4~d! that the calculated values shown by dashed li

FIG. 6. Experimental and theoretical excitation functions for
93Nb(a,an)92Nb reaction.
03460
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~based on pure equilibrium model! do not reproduce the ex
perimental data well; they are reproduced well only when
preequilibrium emission is also taken into account, as sho
by solid lines. The preequilibrium fraction (f PE) @33# of the
total reaction cross section has also been calculated at d
ent a-particle energies, which is shown in Fig. 7. It wa
found thatf PE increases with particle energy.
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FIG. 7. Preequilibrium fraction@ f PE(%)# of the total reaction
cross section as a function ofa-particle energy.
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