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ABSTRACT

Excitation functions for 1 2 1Sb(a,n), 121Sb(a,2n), 123St(a,r.) and

S"b(ot,3n) reactions in the energy range » 10 to ko MeV have been

measured using stacked-foil technique and are calculated theoretically using

statistical model with and without the Inclusion of pre-equilibrium emission.

Inclusion of pre-equilibrium emission is found to give good agreement between

the experimental and measured excitation functions.
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INTRODUCTION

Under a project of measuring the excitation functions for a-induced

reactions using stacked foil technique [l]-[k], excitation functions for the

reactions (o,n), (a,2n) in Sb and (a,n), (a,3n) in Sb have been

measured in the energy range « 1 0 - U0 MeV. Scanty information on excitation
121

functions for a-induced reactions in Sb are available in literature [5],[6]

which does not cover the present energy range. Moreover, earlier measurements

considerably differ from each other. To the best of our knowledge excitation

functions for a-induced reactions in

time.

123,
Sb are being reported for the first

The analysis of these excitation functions, in past [5]» has been

carried out on the basis of statistical equilibrium decay model. However, both

intuition and the results of some recent measurements indicate the presence of

pre-equilibrium emission of particles at these moderate excitation energies [7]-[9]-

In the present analysis, excitation functions have been calculated theoretically

using both the equilibrium and a mixture of equilibrium plus pre-equillbrium

mechanism. Gamma competition with particle emiansioti and angular momentum effects

have been taken into account explicitly. Theoretical excitation functions

calculated with the inclusion of pre-equilibrium emission of particles have been

found in good agreement with the corresponding experimental ones in full energy

range of present interest.

MEASUREMENTS

Stacked foil technique has "been used In the present measurements. Samples

for irradiation were prepared by vacuum evaporation technique from natural

antimony of spectroscopic purity better than 99-99% (natural abundance,

IP"] 1P^ ?
Sb = 57.3$ and Sb = 1*2.1%). Antimony deposites of thickness 1 mg/cm

o
were made on thin aluminium backing of thickness 6.75 rag/cm . Samples were

fixed individually on aluminium sheets for immediate heat conduction. These

sheets were having concentric holes of 8 mm diameter at their centres.

Irradiations were carried out using » ^ 0 MeV a-beam of the Variable Energy

Cyclotron Centre (VECC), Calcutta, India. The a-beam current was as 150 nA.

Alpha-particle energy loss in the sample and degratlor thickness was calculated

using the stopping power tables of Northcliffe and Schilling [10], Ho consideration

of staggling for Increasing the path length of the incident beam in the material

was made for the estimation of energy loss because of its negligible effects

for ct-particles [11],
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Post-irradiation analysis was done using high resolution gamma-detection

technique. An 100 cc Ge(Li) detector coupled to a multichannel analyzer was

used for following the various activities induced in the samples. The detecting

unit was calibrated using standard -j—sources Co, Co, Cs, Ma, Ba,
51* 152

Mn and En for the efficiency and y-ray energy. Dead time for counting

was kept less than % by adjusting the sample-detector separation in these

measurements and proper c;ire of dead time was taken in calculations. Accordingly,

geometry dependent efficiency for different sample-detector separations were

measured. In general, more than one y-rays arising from the same residual

nucleus have been identified and iin'.ii.-..:r"pu. :'.pcrJ ros.'opi.:' data of VMVIOUL; y-r:iyr>

iiieiitii'ii.'il 15 f-tivon in ''nl::! e I.

Reaction cross-section cs(E) Has calculated using the following relation

o(E) =
A X exp(At-)

6K[1 -

where K = [1 - exp(-ud)]/yd is the correction for self-absorption of y-ray

in the sample thickness d(gm/cm ) and of absorption coefficient |i(cm /gm).

A is the area under photo peak; A is the decay constant of the residual

nucleus; t^, tg and t are respectively the period of irradiation, time

lapse between the stop of irradiation and the start of counting and counting

period; H Q is the number of nuclei in the sample; $ is the incident flux;

(Gt) is the geometry dependent efficiency of the detecting unit and fl being the

branching ratio for the specific y-ray.

Activation cross-section for a given reaction has been determined from

the intensities of the various identified y-ray arising from the same residual

nucleus. The reported value is the weighted average [12] of the various

cross-section values so obtained for the same reaction. The statistical error

given in results is the larger one of the internal and external errors [12].

In general, these errors are less than 10JS except for few points. The

measured cross-section values are given in Table 2.
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KESULTS AND DISCUSSION

Measured cross-section values in the energy range X 10 - 1*0 MeV for

the reactions 1 2 1Sb(a,n), 121Sb(a,2n), 121Sb(a,l+n), 123Sb(a,n) and 123Sb(a,3n)

have been shown with dark circles as a function of incident a-energy in

Figs. 1-5. Siae of circles includes the magnitude of statistical errors in

cross-section values, if no error bar is plotted. The size of circle also

includes energy uncertainty due to energy loss in the actual thickness of the

samples. Besides, there has been inherent uncertainty of ±0.5 MeV in

incident a-energy. Present measurements have been compared with respective

literature data [5],[6], if available. It can be observed that earlier

reported cross-section values for Sb{a,n) and Sb(a,2n) reactions by

different groups of workers differ significantly from each other. The
1 pi

disagreement around the peak value of excitation function for St>(a,n)

reaction being by a factor of 100. Further, even shapes of earlier measured

excitation functions do not match with each other. However, present measurements

are close to the work of Calboreanu et al. [5], but their measurements do not

cover the full energy range of present study.

These excitation functions have also been calculated theoretically

using statistical model with and without the inclusion of pre-equilibrium

emission of particles. Statistical model of Hauser- Feshbach [13] has been used

to deal with the equilibrium decay of the compound system, while pre-equilibrium

emission of particles has been simulated by exciton model [lit]. A computer

code ACT [15] developed on the lines of code STAPRE [16] has been used for these

calculations. Details of parent code are given elsewhere [15],[16]. In the

code, pre-equilibrium contributions have been considered only at the first step

of deexcitation of compound system. The code considers sequential evaporation

of particles out of neutron, proton, alpha and deuteron. Gamma competition with

particle emission has been taken from second deexcitation step.

Level densities of residual nuclei play important role in deciding the

shapes as well as the absolute values of the excitation functions. Level

densities are calculated using spin dependent Lang expression [17]• Level

density parameters "a", fictive ground state "A" and effective moment of

inertia "I " for the various nuclei are taken from the back-shifted Fermi gas

model tables of Dilg. et al. [18]. For those cases in which these parameters

were not available in these tables, their values were interpolated. In all

calculations, I has been taken consistently equal to the rigid body value.

Various separation energies, needed for the calculations, are taken from tables



of Wapstra et al. [19]. The decay schemes of various nuclei used are from

"table of Isotopes" [20], Average s-wave neutron radiation width, "~ ",
Y

required for normalization of y-transmission coefficients, has been taken from

the work of Mughabghab et al. [12]. Transmission coefficients for incident

and out going particles, needed in these calculations, have "been generated by

an optical model code TLK [15] developed on the lines of code MB2 [21] which

uses global optical potentials [22].

In the pre-equilibrium formulations, the configuration of the compound

system is defined by its exciton number n(p,h). In these calculations, no

distinction has been made between neutrons and protons, Pre-equilibrium

components have bt̂ :i found to be very m.K-h sensitive t.o (i) the choice of initial

configuration, n Q, of the compound system and (ii) the square of absolute value

of average effective matrix element for two body residual interactions, \U\2,

In literature, initial exciton number ranging from I4 to 6 has been used for

a-induced reactions [9], [23]-[29l. In some cases even configuration mixing

for the initial state has been taken [23],[25]. However, the present analysis

of a-induced reactions is carried out with the choice of initial exciton number

equal to 6 (5-particles, 1-hole) which has been found to give the best fit to

the experimental data for a-induced reactions [l]-[lt]. The following relation

due to Kalbach-Cline [30] has been used to estimate the value of effective matrix

element

|M|2 = JW A"3 E*1 .

Here A and E are the mass number and the excitation energy of the compound

system respectively. In general, FM(MeV ) has been treated as an adjustable

parameter and values between 95 and 7000 MeV3 have been proposed for it In

literature [31]. However, in our earlier studies on (n,p) [32] and (a,xn) [l]-[U]

reactions, the best value of FM was found to be U30 MeV . In the present

analysis also, same value of 1*30 MeV has been adopted for FM. Probability of

composite particle emission in pre-equilibrium decay of the compound system

has not been considered in the present annnysiK.

In order to match the excitation functions for various reactions induced

by a-particles in a given target simultaneously, it was required to vary the

level density parameters (a and A) for some residual nuclei, involved in

the evaporation chain, within 10JS from the values given by Dilg et al. [lS].

These variations are justified keeping in view the fact that Dilg et al. parameters

are good only in the energy range of « 10 to 20 MeV [18] and also these are of

empirical nature.
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As such, excitation functions calculated with and without the inclusion

of pre-equilibrium emission of particles has been shown In rigs. 3-7. As can

be seen in these figures, in general, excitation functions calculated with the

consideration of pre-equilibrium emission of particles are in good agreement

with the corresponding experimental ones over full energy range.

In the present experiment natural antimony has been used for sample

preparation, and therefore observed activity of 603 and 723 keV yrays, arising

from the decay of residual nucleus I with half-life of It.15 d in the

irradiated samples, is the composite activity due to the two reactions, i.e.,

121Sb(a,n) I and 123Sb(a,3n) I. Efforts have been made to separate the

contributions for these two reactions using theoretical excitation function for

the reaction 1 2 1Sb(a,n). Below the threshold for Sb(a,3n) reaction

(2lt.lt MeV), the measured excitation function is due to Sb(ct,n) reaction only.
TOT

Therefore, the measured excitation function for Sb(a,n) reaction below the

threshold for Sb(a,3n) reaction has been first reproduced from theoretical

calculations. The calculated excitation function was then extended in the region

of overlap, I.e. above 2lt.it MeV using same set of parameters. The contribution

of extrapolated part of excitation function beyond £lt.U MeV for Sb(ce,n)

reaction was subtracted from the composite decay curve to get the counting
1P-S

rate for Sb(a,3n) reaction. This method for the separation of two

activities is justified since the excitation functions for reactions Sb(a,3n)

(Fig. 5) and for Sb(a,n) (Fig. 6) so resolved are reproduced individually

by theoretical calculations using the same set of parameters. In this way the

analysis is self consistent. As a further check, the ratio of cross-sections

for 123Sb(a,3n) and 121Sb(o,n) reactions has been calculated theoretically

in the energy range of overlap (a 25 - itO MeV) and is plotted in Fig. 8 for

three different values of level density parameter (a = 12.33, 16.33 and 20.33 MeV

for residual nucleus I. The theoretical ratio of cross-sections for

123Sb(a,3n) and Sb(a,n) reactions is seen to compare well with corresponding

experimental data when the value of "a " for I is taken equal to 16.33 MeV .

It is the same value of "a " which is used to reproduce the individual

excitation functions for reactions Sb(o,3n) (Fig. 5) and Sb{a,n) (Fig. 6)

theoretically. This justifies the validity of the method of resolving the

composite activity,

121 122
In the present experiment, excitation functions for Sb(u,3n) I

and 123Sb(a,2n) 1 2 5I reactions could not be measured either due to short

half-life of the product nucleus or due to low intensity of induced activity.
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However, the residual nuclei produced in these reactions are also involved in

the successive evaporation chain of the other reactions for which excitation

functions are measured presently. As such, level density parameters etci of

these residual nuclei are fixed from the analysis of the measured excitation

functions. Using the same set of parameters, excitation functions for
131 1£3

Sb(a,3n) and Bb(a,£n) reactions have been calculated theoretically

from their threshold to Uo MeV and are shown in Fig. 9. Calculation of these

excitation functions is desirable since to the best of our knowledge no

experimental data are available for these reactions.

Present analysis indicates clearly the presence of considerable amount

of pre-equilibrium contributions in a-Induced reactions. Pre-oquilibrlutn

fraction (PR) is a measure of relative weight of the pre-equilibrium contribution

needed for the reproduction of experimental excitation functions and it reflects

the relative importance of pre-equilibrium and equilibrium processes. In these

calculations, FR is inherently energy dependent. This dependence is derived

from the consideration of internal transition rates and of continuum decay rates.

The FR has been taKen to be proportional to the commulative sum of the

probability of finding any particle in the continuum for every possible

configuration during the process of equilibration,, The calculated FRs for

system of targets
121,

Sb and

incident energy {E ) in I'r.c energy range : ' 15 -

Sb are shown In Fig. 10 as a function of

MeV. As can be seen

in this figure, FR increases with incident a~ion energy in both these cases.

Further, the threshold for pre-equilibrium emission is lower for system of

higher mass number. This may be duo to relatively larger value of (A - z)
123

and lower value of Coulomb barrier for the system Sb as compared to the
121system Sb.

It may, therefore, be concluded that a-induced excitation functions have

high energy tails, which, in general, cannot be accounted for by pure equilibrium

reaction mechanism. Proper admixture oi' equilibrium and pre-equilibrium

processes is needed for better agreement between the theory and the experiment.

Pixciton model Is quite adequate for the description of the pre-equilibrium

process. For a-induced reactions, choice of 6-exciton state (5p, In) for the

initial configuration of the compound system gives satisfactory results.

The FM = U30 MeV favours projectile independent prescription for average

matrix element. The relative magnitude of the pre-equilibrium component has

been found to lc di :::OIL;:' >HJ- OTI -t.hr .•. ir;p,Un;i :•;, ::tom nv:;":' number and its ex" i (-at I on •

energy.
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TABLK 1

Spectroscopic data needed for present measurements

Reaction

1 S 1Sb(a,n)1 2 l*I

"L21Gb(a,2n)123I

1 2 1Sb(a,l*n)1 2 1I

123,,. / a 2 6 TSb(a,n) I

1 2 3 St (a ,3n) 1 2 l + I

Q-value
(T/eV)

-7.883

-15.350

-33.230

-6.952

-23.61*

T l / 2 ° f

res idual
nucleus

h. 15d

13.02h

2.12h

13d

l*.15d

E
Y

keV

602.7
722.8
159
529.3
212.5
531.9
388.6
666.3
602.7
722.8

Iy(%)

61

10.1
32.9
1.0k

81*

6.13
35
33.98
61
10.1
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TABLE 2

Measured cross-section values for a-induced reactions

121
Target nucleus Sb

E
cc

(MeV)

39.5

37.5

35.5
33.1*

31.2

28.9
27.6

26.3

23.6
20.7

17-1*
15-5

13.5

a(a,n)
(mb)

U.5 ± 0.5

5.7 ± 0.6

7.3 ± 0.7

10.2 ± 0.7

lit.7 ± 0.7

25.0 ± 1.1

36.0 + 1.3

59.5 ± 2.3

138.5 ± 3.7

306.9 ± h.2

322.5 ± 5.2

121.9 ± 3.3

12.9 ± 1.5

a(a,2n)
(mb)

335."+ ± 1-1

308,3 ± 1.2

315.1 ± 1.2

6i*7.3 ± 1.4

1090.9 ± 1.6

1292.1 ± 2.0

1I48U.2 ± 2 .1

1266.3 ± 2 .1

IO87.O i 2.0

559.7 ± 1.3

2 6 . 8 + o.u

cr(a;l*n)
(mb)

56.3 ± 0.6

13.6 ± 0.5

123
Sb

E
a

(MeV)

39.

37.

35-

3 3 .

3 1 .

2 8 .

2 7 .

2 6 .

2 3 .

2 0 .

1 7 .

15-
13.

5
5

5
k

2

9
6

3

6

7

h

5

5

o(a,n
(mb)

28.8 +

33.2 ±

1*5.3 ±

7lt.2 ±

176.0 +

222.8 ±

112.5 ±

50.6 ±

)

12.3

7.2

7.2

9-9
10.0

11.5

8.6

11.8

o(cc,

1177

ll*12

1283

11+22

1210

614 5

18U

3n)
(mb)

.3

. 1

. 0

.3

. 3

. 1

. 3

± 9

± 1 1

± 1*2

+ 10

± 8

± T

± it

. 2

.3

. 2

. 0

.6

. 1

.5
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FIGURE CAPTIONS

Fig. 1 Presently measured excitation function and other literature values.

Fig. 2 Presently measured excitation function and other literature values.

F'igB 3 Experimentally measured and theoretically calculated excitation functions.

Fig. k Experimentally measured and theoretically calculated excitation functions.

Fig. 5 Experimentally measured and theoretically calculated excitation functions.

Fig. 6 Experimentally measured and theoretically calculated excitation functions.

Fig. T Experimentally measured and theoretically calcualted excitation functions.

Fig, 8 Dependence of ratio [o S"b(a,3n)/a Sb(a,n] on the choice of level

density parameter "a".

Figo 9 Theoretical excitation functions calculated with code ACT.

Fig, 10 Variation of pre-equilibrium fraction, FK, as a function of incident

energy of cc-partlcle, E ,
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i 10

1
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-i 1 1 r -i—i—r—r

121
Sb(-c,n)

8 10
J I I L J L

i—i—r

• Present work
x NP A383(1982)251
o JINC 35(1973)3047

2 0 E«:(MeV) 3 0

Fig 1. Presently measured excitation function and other literature
values.
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Fig 2 Presently measured excitation function and
other literature values.
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Fig 3 Experimentally measured and
theoretically calculated excitation
functions.
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Fig 5 Experimentally measured and theoretically
calculated excitation functions.
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Fig 6 Experimentally measured and theoretically calculated
excitation functions.
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